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ZnO is a metal oxide semiconductor that continues to attract research in-
terests due to its desirable properties such as its direct wide bandgap, high
exciton binding energy, and optical transparency. These properties make
ZnO a potential material of choice for optoelectronic applications especially
in the blue and UV regions of the electromagnetic spectrum. For many indus-
trial applications of thin-film devices, a cost-effective and high throughput
method for depositing good quality metal oxide thin films is crucial. This re-
search work focusses on mist-CVD as a cost-effective method to deposit ZnO
thin films at atmospheric conditions. In particular, this work adds to the ex-
isting knowledge in mist-CVD growth of ZnO films by utilizing precursors
free from volatile and flammable organic solvents in the film deposition pro-
cess, a recipe that is different from other reports in the literature.
Optical studies by UV-Vis transmission spectroscopy show films to be
transparent, with transmission higher than 85% in the visible region and with
distinct absorption edge corresponding to the onset of photon absorption by
ZnO. Optical bandgap was found to lie between 3.27 - 3.32 eV depending on
the thickness of films. Photoluminescence studies show dominant emission
peaks at 3.362 eV and 3.321 eV near the band edge associated with donor and
acceptor impurities. Crystalline properties of ZnO films deposited on differ-
ent crystallographic planes of sapphire substrates indicate preferred growth
orientation that is consistent with reports on epitaxial relationships between
ZnO and various planes of sapphire. For growths on an r-plane sapphire
substrate, the dominant diffraction peak shows preferred orientation in the
a-plane (112̄0). The dominant diffraction peak for films grown on c-plane
sapphire is along the (0002) crystal plane while for growth on an a-plane
sapphire substrate, peaks from (0002) and (101̄0) dominate the XRD pattern.
Film surface topography is influenced by growth factors including precursor
concentration, temperature, and substrate type. Typical surface roughness
iv
Rrms is between 2.2 nm - 4.3 nm for ZnO films deposited on an r-plane sap-
phire substrate at a growth temperature of 500◦C with thicknesses ranging
from 20 nm - 260 nm.
To demonstrate applicability of cheaply produced mist-CVD deposited
films in electronic devices, ZnO films are employed as active conducting
channels in metal-semiconductor field-effect transistor (MESFET) devices.
Fabrication techniques involve standard photolithography and lift-off pro-
cedures. Performance characteristics of transistor devices are found to be
dependent on various factors including channel thickness, physical dimen-
sions, and choice of gate material. MESFETs fabricated with silver oxide and
palladium oxide as gate electrodes exhibited excellent transistor characteris-
tics with Schottky barrier height (SBH) approximately 1.18 eV and 0.94 eV
respectively. Transistor current modulation ratio Ion/Ioff as high as 107, sub-
threshold swing as low as 85 mV/decade and channel mobility >5 cm2/V.s
were obtained for fabricated devices.
Under elevated temperature, ZnO-based MESFET maintains the expected
field-effect transistor characteristics, though with an increase in leakage cur-
rent and reduction in Ion/Ioff ratio by about two orders of magnitude for a
temperature increase of 25◦C - 130◦C. By subjecting the gate electrode of a
MESFET device to positive constant voltage stress (CVS), an increase in off-
state current was observed while a CVS of negative polarity has minimal ef-
fect on device functioning. Conversely, under illumination with intense UV
light, transistor behavior and performance characteristics deteriorate with a
break-down of the Schottky barrier, lasting several days before full recovery
to the original state.
Keywords: Metal-semiconductor field-effect transistor (MESFET), Schottky
Barrier, Wide bandgap Semiconductors, Photolithography.
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For several decades, thin-film technology has found applications in many in-
dustrial and technological processes. It involves depositing a thin layer of
material with thickness between a few nanometres to about 100 micrometers
onto a substrate surface. The interest and progress that have been made in
thin-film technology can be attributed to advances in electron microscopy,
vacuum technology and other improvements in the equipment necessary for
nano-scale material analyses. Today, thin-film deposition and the manipula-
tion of atoms near the atomic scale constitute vital manufacturing processes
utilized in the semiconductor industry enabling technologies such as thin
film solar panels, LED lighting and displays, etc.
The interest in thin films stems from their many useful industrial and
technological applications in addition to some of the remarkably different
and unique physical and chemical properties exhibited by materials in the
nanoscale which are not normally obtained in the corresponding larger-scale
bulk samples. These different properties of nano-materials arise because of
the reduction in spatial dimension and confinement effects in a particular
crystallographic orientation which tend to lead to modifications of physical
properties of the material. There is, therefore, unlimited possibilities in terms
of improvement in material properties by controlling the structure and com-
position of materials at the very small nano-scale dimension. Research in
nanotechnology has enabled the creation of desirable materials and innova-
tions that are widely utilized across science and engineering. Metal oxide
nano-structures which are transparent and conducting constitute an impor-
tant aspect of nanotechnology, and have drawn the interest of scientists and
engineers.
Transparent conducting oxide (TCO) are materials that show a combina-
tion of high optical transparency and electrical conductivity thereby finding
applications as transparent electrodes across several optoelectronic devices.
The first TCO material was developed more than a century ago which was a
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thin film of CdO deposited by thermal oxidation of a vacuum sputtered cad-
mium metal [135]. Although Cd based TCOs exhibited the desired optical
and electrical properties, the high toxicity associated with cadmium limited
its use only in special applications such as CdTe/CdS thin solar cells that
are highly regulated and not sold directly to consumers. Post-oxidation of
evaporated metal thin films was one of the earlier methods for deposition of
TCO - tin oxide (TO) was deposited in 1937 using this method [15] while an
indium oxide film was reported in 1953 [192]. Over the past several decades,
the most widely used and popular TCO has been tin-doped indium oxide
typically called indium-tin-oxide (ITO) which is widely utilized as a trans-
parent conductive coating for electronic displays such as liquid crystal dis-
play (LCD), flat panel and plasma displays, and touch screens. Thin films
of ITO also finds its use in light-emitting diodes (LEDs), solar cells and an-
tistatic coating. Further applications of ITO include heat-retaining windows
glass and conducting electrodes for optoelectronic devices that interact with
light notably as infrared reflection coatings for automotive and sodium va-
por lamp glasses. ITO films are used for defrosting in aircraft windshield by
applying a voltage across the film to generate heat [108, 47, 21, 198]. Despite
the extended reach of ITO for a range of technological applications, reliance
on indium poses a threat to global electronics as it is both expensive and
not widely available. There is, therefore, a growing interest in research on
indium free replacement materials and their deposition technologies.
TABLE 1.1: Comparison in the properties of Si, GaN, and ZnO
Semiconductor Si GaN ZnO
Preferered crystal diamond wurtzite wurtzite
Bandgap (300 K) 1.1eV (indirect) 3.40 eV (direct) 3.37 eV (direct)
Lattice constant a = 5.430 Å a = 3.189 Å
c = 5.185 Å
a = 3.252 Å
c = 5.213 Å
electron mobility (cm2/V.s) 140 1000 200
hole mobility (cm2/V.s) 450 5 - 50 10
Exciton binding energy 10 meV 25 meV 60 meV
Breakdown strength 3.0×105 V/cm 3.3×106 V/cm 5.0×106 V/cm
Melting point 1414◦C 1970◦C 2500◦C
The present-day human lifestyle is heavily influenced by optoelectronic
devices ranging from home-based appliances to multimedia and telecommu-
nications systems which are advancing from rigid and bulky to light-weight
and flexible. There is an increased desire for functionalities in optoelectronic
devices which are not attained in the present-day silicon-based technologies.
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Rising innovations such as smart labels, intelligent packaging, synthetic skin
for robots, transient medical implants in addition to advanced surgical tools
require electronic devices to be miniaturized, flexible and transparent. These
requirements can be fulfilled by thin-film transistors (TFTs) which are in-
creasingly studied by researchers. TFTs based on transparent metal oxide
are particularly desired owing to their optical transparency, good electrical
performance in addition to good mechanical properties - resistant to strain
and ability to be bent up to 25 µm radii [203, 178, 100, 81]. Today, TFTs are
used as pixel switching elements in flat panel displays for which metal ox-
ide TFT materials such as ZnO are continuously making steady progress in
digital display technologies. Further, metal oxide TFTs are challenging the
dominance of silicon in conventional application and opening opportunities
for transparent displays [29, 182].
Zinc oxide (ZnO) has gained considerable research focus as a potential
replacement for ITO. It is a group II-VI compound semiconductor material
with a direct bandgap of ≈ 3.37 eV at room temperature making it transpar-
ent to visible light. The bandgap of ZnO makes it a desirable materials for
LEDS, laser diodes and photodetectors that operate in the blue to UV wave-
lengths. ZnO has been studied over several decades due to its promising
properties for UV/blue optoelectronics, transparent electronics, spintronics
devices, and gas sensing. With its optical transmittance in the visible region
typically above 80% and low electrical resistivity (< 10−3Ω−cm), ZnO films
serve as a promising candidate for applications involving TCOs in device
fabrications.
Perhaps, one can point to one of many reasons for the renewed research
interest in ZnO by considering the technological revolution brought by gal-
lium nitride (GaN). GaN is a binary direct bandgap semiconductor and shares
similar optical and crystalline properties with ZnO as represented in Table
1.1. Both GaN and ZnO show similarities in their crystal structure, bandgap,
the lattice constant, etc. In addition to several optoelectronic applications of
GaN, its use in the GaN-based light-emitting diodes (LEDs) is quite signifi-
cant enabling light emission spanning from red to the ultraviolet by doping
with either aluminum (AlGaN) or indium (InGaN) with the bandgap de-
pending on the ratio of In or Al dopant [151]. This attractive feature to tune
the bandgap of GaN enables light emission in the complete range of visi-
ble spectrum using GaN-based LEDs thus, full-color light sources and blue
LED devices can be fabricated. This feature is also displayed by ZnO. The
bandgap energy of ZnO can be tuned to ≈3.0 eV by doping with Cd while
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Mg increases the bandgap energy to ≈ 4.0 eV [94].
ZnO has an exciton binding energy of ≈ 60 meV, as compared to GaN ≈
25 meV. This added advantage over GaN implies a greater room temperature
luminescence efficiency. The excitonic binding energy quantifies the strength
of the bond between the bound electron and hole pair (exciton) and thus, the
higher the exciton binding energy, the less likely for excitonic dissociation
through thermal effects.
The room temperature Hall mobility for a single crystal of ZnO is ≈ 200
cm2V−1 which is lower than that of GaN, but ZnO has a higher saturation
velocity. Further, ZnO shows improved resistance to radiation than GaN
and can have a possible application in space and nuclear applications. Good
quality single crystals of ZnO are also available [173]. The crystal growth of
ZnO is also less complicated which could enable less expensive engineering
of ZnO-based devices. Furthermore, ZnO is adaptable to wet and dry etching
[190, 149], the desired property for device engineering and fabrication.
A number of deposition methods are employed for the growth of ZnO
and related oxide materials. Pulse laser deposition (PLD) [253], molecular
beam epitaxy (MBE) [118], magnetron sputtering [25], chemical vapour de-
position (CVD) [101], metal-organic chemical vapor deposition (MOCVD)
[98] have all been extensively used for growth of ZnO thin films in recent
times. Also, solution-based chemical methods such as sol-gel [162], hydrother-
mal [168] and electrochemical deposition [64] methods have been reported
for the growth of ZnO thin films. Whilst MBE, MOCVD, and PLD are known
to produce crystalline films of high quality, these techniques are relatively
non-economical and complicated. The requirement for a vacuum system
makes these methods expensive for large scale deposition and fabrication
of devices. As for the RF sputtering technique for film deposition, low depo-
sition rate, high equipment cost and the relatively high cost of ceramic tar-
get materials motivated the development of alternative growth processes. In
addition, sputtering could be affected by high energy species in the plasma
which can induce defect in the film or cause substrate damage [90]. In re-
cent years, the popularity of sol-gel methods comprising of techniques such
as spin coating [162], dip coating [221], spray pyrolysis [206] and mist-CVD
have increased mainly due to the simplicity and cost-effectiveness of these
methods. Low cost, high throughput, and large area coverage are some of the
desirable features that are expected from solution-processed growth methods
which are becoming increasingly popular.
The desire for industrial-scale high throughput and low-cost deposition
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of ZnO have led to the development of atmospheric vapor based growth
techniques that can be operated continuously without the need for vacuum
systems. For instance, high production throughput and a large area depo-
sition are required for solar cell manufacturing. The mist chemical vapor
deposition (mist-CVD) is one of such cost-effective growth techniques for
oxide thin film that utilizes non-toxic metal sources for the film deposition at
atmospheric conditions.
As noted previously, transparent conducting oxide find applications across
several technological processes and electronic devices. The key aspect of the
work presented in this thesis is to show that good quality ZnO film can be
deposited on substrates using a cost-effective mist-CVD growth process. Fur-
ther, the deposited films are applied as active conducting channels in the fab-
rication of electronic devices as metal-semiconductor field effect transistors
(MESFET).
1.1 Wide bandgap electronics
Silicon-based electronics have dominated the whole of the 20th Century and
may still remain ubiquitous in the coming decades. However, as the need
for additional performance and stability in power electronics increases, that
dominance is beginning to erode as engineers are continually looking to-
wards wide bandgap semiconductors (WBG) for the next generation of opto-
electronic devices. They are so-called because of the relatively higher energy
bandgap of between 2 - 4 eV [245] compared with silicon. Wide bandgap
semiconductors offer some advantages over silicon including faster switch-
ing speed, carrier mobility in addition to a good number of them having a
direct bandgap. The requirement in blue/UV light photonics, transparent
electronics, and stability for high power and high-temperature devices are
beyond the limits of silicon.
Semiconductor materials with wide bandgap energy offer less leakage
current and improved dielectric strength which are important properties for
high power and high-temperature electronics. The two most popular WBG
semiconductor materials with a well-established technological application
are silicon carbide (SiC) and gallium nitride (GaN). While silicon has a bandgap
energy of 1.1 eV, the bandgap energy of SiC and GaN is 3.3 eV and 3.4 eV
respectively. SiC is widely applied across several power devices and of-
fers some advantages over silicon including reduced power losses, higher
switching frequency and up to a three-fold increase in thermal conductivity
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[239]. SiC is comparably more expensive to produce than silicon leading to
GaN-based devices as an alternative for application in power and radiofre-
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FIGURE 1.1: Annual growth in the number of publications re-
lating to ZnO semiconductor material as obtained from Sci-
enceDirect.
has been a motivating factor towards the renewed interest in ZnO among
researchers. As can be observed in the chart of Fig. 1.1, there has been a
steady increase in publications relating to ZnO over the past 20 years. The
similarities in the properties between ZnO and GaN make it a notable po-
tential material for wide bandgap power electronics and other optoelectronic
applications amidst other added advantages relating to its exciton binding
energy. It has already been mentioned that the higher exciton binding energy
of ZnO potentially puts it as a more efficient luminescent material than GaN.
Also, ZnO shows varied growth morphologies where different orientations
of nanostructures can be formed. Nanostructures of ZnO such as nanowires,
nanorods, nanoplates, nanobelts, nanocages can be formed and used in de-
vice fabrications which can be potentially utilized in optoelectronics, gas sen-
sors, and transducers [236].
One of the limiting reasons that have constrained optoelectronic applica-
tions using ZnO is the difficulty associated with having a stable and reliable
method of p-type doping in ZnO. However, there are opportunities for ap-
plications in uni-polar devices using its intrinsic n-type conductivity such as
in Schottky based devices including diodes and field-effect transistors. Even
though the charge carrier mobility of amorphous silicon is lower than in ZnO
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by about 2 orders of magnitude, amorphous silicon has been the standard
material of choice for pixel switching in flat panel display technologies.
1.2 General aims and thesis layout
The research project undertaken at the University of Canterbury mainly fo-
cusses on the growth of ZnO films using the mist-CVD deposition methods
and application of the films in microelectronic transistor devices. Mist-CVD
is a film deposition technique that is cheaper compared with vacuum-based
methods such as PLD or MBE. There is a potential economic benefit if the
mist-CVD deposition method can be used to produce good quality ZnO films
suitable for applications in optoelectronics. Further, the deposition method
offers a quick and cost-effective means of investigating film growth of vari-
ous material composition especially oxide materials. As it does not require
vacuum system, the financial cost of acquiring and running such system is
eliminated. There is also the technique merit that potentially allows for an
easy upscaling of the growth system to allow for a less cumbersome way of
depositing of multi-layer material structures.
The work presented in this thesis was carried out at the Department of
Physics, and Nano-fabrication laboratories within the Department of Electri-
cal and Computer Engineering, University of Canterbury, New Zealand. The
research project has the following aims:
• To develop an efficient and economical way to deposit ZnO based thin
films using the mist-CVD film deposition technique.
• To characterize and study the properties of these films including their
electrical, optical, morphological and structural properties.
• To investigate the performance of deposited films when used as active
channel layers in thin-film transistor devices.
In the layout of this thesis, the introductory chapter has briefly presented
some of the interesting properties of ZnO as a wide bandgap semiconduc-
tor material. A discussion of some of the beneficial advantages that WBG
semiconductors such as ZnO could bring to power electronics and photonics
applications in the blue and UV region have been presented. In Chapter 2,
the literature is reviewed to give a general background knowledge of some of
the existing thin-film deposition techniques with a further theoretical outline
on band structure, crystal structure and optical properties of ZnO.
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Chapter 3 describes the mist-CVD system for the growth of thin films
and outlines some of the motivating reasons for the choice of the growth
technique as opposed to other deposition methods. There is a discussion on a
number of characterization methods used to investigate crystalline structure,
surface morphology, optical and electrical properties of deposited thin layers
of ZnO films on various substrates. Chapter 4 presents the results on the
growth of ZnO films and investigates how some of the growth parameters
affect the properties of the film.
Chapter 5 is devoted to a discussion on the optical properties of ZnO
films as investigated from two optical spectroscopic techniques - transmis-
sion spectroscopy in the UV-Vis region to study light absorption/transmis-
sion and photoluminescence spectroscopy which gives the luminescence prop-
erties of deposited ZnO film. In Chapter 6, the discussion focuses on the
physical principles behind a Schottky barrier and its application in metal-
semiconductor field-effect transistors (MESFET) to control the current flow-
ing through such a device. Additionally, a discussion of the experimental
steps taken in the fabrication processes of a micron-sized MESFET is pre-
sented including characterization setup to assess transistor performance.
The discussions in Chapter 7 focuses on the performance of fabricated
MESFETs that utilized samples of mist-CVD deposited ZnO films as active
channel. It presents results and the effects of factors such as physical di-
mensions, film thickness and gate material transistor performance. Further,
the stability in the performance metrics of transistors under conditions such
as voltage bias, elevated temperature, and UV illumination are investigated
with results presented.
The concluding Chapter 8 gives an overview of what has been learned
as part of the research project and outlines areas where further work and
improvement will be needed in relation to the mist-CVD growth of ZnO films





This chapter is devoted to reviewing some of the available thin film depo-
sition technologies and their basic operational principles. An overview of
the band theory of solids is presented. Further, the chapter discusses a the-
oretical background on some of the important properties of ZnO including
its optical and crystalline properties in addition to the origin of its intrinsic
conductivity.
2.2 Thin Film Deposition Methods
Film deposition on a surface can be achieved either through physical or chem-
ical vapor depositions. The physical vapor deposition methods comprise
vacuum-based techniques in which desired materials to be deposited trans-
forms from a solid phase to a vapor phase and condenses on a substrate
[185]. PVD techniques are generally vaporization based thin film coating
methods that transfer materials at the atomic level without any chemical re-
action occurring during the deposition process. Three fundamental steps in
PVD methods encompass vaporization of solid target materials which can be
assisted by high temperature or gaseous plasma, transportation of target va-
por and finally, the condensation of the vaporized material on the substrate
to form a film. The common PVD methods include sputtering and thermal
evaporation.
Chemical vapor deposition (CVD) techniques consist of methods that in-
volve the use of a chemical process to produce thin films and are widely
used in the semiconductor industry. In its basic principle, CVD growth tech-
niques employ precursor chemical which reacts or decompose on the sub-
strate to form thin films of the desired material. Most of the time, volatile
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by-products of chemical reactions are produced in CVD processes which are
normally eliminated through gas flow within the reactor.
In this section, an overview of some of these thin film deposition tech-
niques that are widely used for the deposition of thin layers of materials is
presented. Most of the thin film deposition methods that will be described
are available facilities at the laboratories that I carried out my research and
gained a substantial level of knowledge on their working principles and tech-
niques.
2.2.1 Thermal Evaporation
Thermal evaporation is one of the simplest physical vapor deposition tech-
niques in terms of its working principle. The technique allows a thin film
to be deposited by heating a material above its melting point in a vacuum
chamber until the surface atoms gain sufficient kinetic energy to eject from
the surface. A substrate placed above the evaporating surface is coated by
the thermally evaporated materials. Thermal evaporation is commonly used
for depositing metals with modest melting points such as silver, nickel and
chrome, titanium and gold. Deposition parameters such as material source
temperature, pressures, evaporation time and substrate type affect film prop-
erties and need to be selected properly. The source temperature of the mate-
rial to be deposited is determined by its volatility.
For efficient film deposition, the pressure in the evacuated chamber will
have to be sufficiently low for the free-mean-path (average distance traveled
before the collision) of the evaporated molecules to be greater than the aver-
age distance of travel between the source and the substrate typically between
25 - 70 cm. At 10−5 Torr, the mean free path is about 5 m and significantly re-
duces to about 0.5 m at 10−4 Torr [145]. The long mean free path enables the
evaporated atomic species to travel in straight lines and deposit thin layers
of films on the substrate/wafers.
The material to be vaporized is loaded in a heated crucible which can be
achieved through different heating systems: resistive, inductive, and electron
beam evaporators. The resistive heating system is done by passing current
through a resistive wire of low vapor pressure (e.g. tungsten) embedded
in the crucible. For induction heated systems, RF power from an induction
heating coil surrounding the source metal is used to achieve evaporation.
The electron beam evaporator relies on intense and high energy electron
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FIGURE 2.1: Schematic diagram of an electron beam evapora-
tor. Image courtesy of MTS [49]
beam produced through thermionic emission from a filament (typically tung-
sten). The electron source is placed in a location outside of the deposition
zone to minimize contamination from the filament. The electron beam is di-
rected via the magnetic field into the material to be evaporated. The kinetic
energy of the bombarding electron is transformed to heat on impact with
the source metal raising its temperature. At low vacuum pressure and suffi-
ciently high temperature, vapor from the source metal will be formed which
then coats the substrate/wafer with a thin film of the material. The schematic
diagram of an electron beam evaporation system is shown in Fig. 2.1. Some
research papers on ZnO film deposited through thermal evaporation tech-
niques are available [55, 92, 144, 1]. Ma et al. reported the deposition of
Al-doped, transparent and conducting ZnO film on a heated glass substrate
by thermal evaporation of zinc acetate and aluminum chloride in vacuum
[144]. In the report of Ref. [55], polycrystalline ZnO films with thickness
ranging from 10 - 80 nm were deposited using zinc target on silicon sub-
strates. Aghamalyan et al. [1] reported a c-axis oriented ZnO film deposited
on a sapphire substrate using an electron beam evaporation technique with
optical bandgap found to be between 3.27 - 3.30 eV.
The electron beam evaporator was widely used for depositing thin films
of Ti and Au contact electrodes in the fabrication process of microelectronic
MESFETs with ZnO films as the active conducting layer as discussed in Chap-
ters 7 and 8.
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2.2.2 Sputtering Techniques
Sputtering is a physical vapor and vacuum-based technique that is com-
monly used to deposit thin films of different materials. In a sputtering pro-
cess, the target material, substrate, and the electrodes are kept in a vacuum
chamber. An inert gas such as argon, neon or krypton (depending on the
nature of the target material) is introduced into the chamber. Passing an
energetic wave through the inert gas in a vacuum causes ionization of gas
forming high energy plasma ions. The target material (cathode) is then bom-
barded with these energetic positive ions leading to the ejection of atoms
from the target (sputtering) via energy and momentum transfer.
Sputtering is a widely used thin film deposition technique that finds ap-
plications in the semiconductor industry. It is used in the deposition of met-
als and also for insulating materials. Sputtering offers some advantages over
thermal evaporation. Sputter film deposition produces high energy flux with
high surface mobility and can form films that are smooth, dense and contin-
uous better than thermal evaporation [199].
DC Diode sputtering
In its basic design, the DC diode comprises two electrodes enclosed in a vac-
uum chamber and a power supply. The cathode or the target material is kept
at a negative potential while the substrate to be coated (anode) is maintained
at positive charge bias [237]. Sputtering gas typically argon is introduced
into the chamber at millitorr pressure range with the application of a volt-
age between the plates. Depending on chamber pressure, sputtering gas and
cathode material, plasma discharge of positively charged ionized gas atoms
occur above the threshold breakdown voltage. A plasma is a weakly charged
hot gas-like state of matter comprising of gas ions and electrons that gives
the visible plasma glow. Positive ions typically Ar+, bombard the negatively
charged cathode ejecting mostly neutral atoms of the target material which
eventually condense on the substrate. In the DC sputtering process, most of
the energy of the bombarding ions on the target material results in heating
requiring the need for cooling systems.
Even though the DC diode sputtering is simple in its operating princi-
ple, it could suffer from low deposition rates arising from low plasma den-
sities, high gas densities, high discharge voltage and lack flexibility in terms
of the choice of target material [21]. DC sputtering as a cost-effective method
can only be used to deposit conductive materials such as gold. Even for the
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growth of insulating films through reactive sputtering of conductive targets,
the formation of an insulating layer on the target and poisoning of the target
limits its use and versatility for film deposition [199].
Radio-frequency Sputtering
The RF overcomes some of the limitations of the DC sputtering and pro-
vides a means of depositing both conducting and insulating films. An RF
frequency typically 13.56 MHz or some multiples is linked to the target ma-
terial through an impedance network. The alternating RF power which is
coupled to the electron motion in the plasma leads to increased ionization
from the collision and higher plasma densities [199]. With RF sputtering, in-
sulating materials such as silicon dioxide and alumina can be deposited since
the alternating polarity of the target cathode forbids the build-up of charges













FIGURE 2.2: Schematic representation of a magnetron RF sput-
tering system for the growth of thin films.
The RF magnetron sputtering technique employs a magnetic field that is
transverse to the electric field at the surface of the target which produces
a critical modification advantageous to the sputtering process. The mag-
netic field enables trapping of the secondary electrons generated by the target
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which will otherwise contribute to increased substrate temperature and ra-
diation damage. The magnetron sputtering technique, therefore, allows the
growth of thin films on surface sensitive or temperature-sensitive substrates
such as plastics with minimal damage on the substrate. Further, magnetron
sputtering improves deposition rate compared with conventional sputtering
targets and can, therefore, be a relatively economical method for large scale
and industrial film deposition.
ZnO films grown using sputtering are widely investigated in several re-
search articles with a few of them listed in these Refs [10, 152, 25, 61], due
to its simplicity and capacity to deposit films at low temperature. Typical
growth condition is done at room temperature with pure Ar/ O2 as sputter
gas and process pressure approximately 10−3 − 10−2 torr. Reactive sputter-
ing can also be used for ZnO film growth with O2 and Ar as reactive and
sputtering gases respectively. In the course of my work, RF sputtering was
the deposition method of choice for oxidized metal Schottky contacts such as
AgOx, PdOx, IrOx and PtOx in the fabrication process of MESFETs discussed
in subsequent chapters.
2.2.3 Pulsed Laser Deposition
The pulsed laser deposition (PLD) is another of the physical vapor methods
for thin films. In the basic configuration of a PLD system, a focussed, high
power laser beam positioned outside of the vacuum chamber is used to strike
a target of desired material composition causing the material to ablate/va-
porize and deposit as a thin film on a substrate opposite the target. This is
typically done in a highly evacuated environment or with a process gas in
the vacuum chamber e.g. oxygen gas for the growth of oxide films. The laser
beam is focussed on the target surface through external lenses. PLD first
came into prominence in 1987 when a thin film of high critical temperature
superconductor YBa2Cu3O7−x - (YBCO) was grown using the technique. The
PLD technique is one of the most practical methods to obtain films of com-
plicated material composition such as multi-component oxide materials. It
is extensively used to fabricate films of copper oxide superconductors, ferro-
electric and ferromagnetic oxides [79].
The basic set-up of a PLD system is shown in Fig. 2.3. It consists of a
vacuum chamber, a substrate holder with temperature controllable heaters.
Most of the non-metallic materials that are commonly ablated, have strong
light absorption at the UV range around 200 - 400 nm. An excimer laser pro-









FIGURE 2.3: Schematic representation of the PLD system for
growth of thin layers of a material on a substrate.
duces pulses with wavelengths in the UV region. The laser pulse is focussed
through lenses and mirrors onto a solid target. The fluence of the laser can be
controlled by varying the laser output energy or the focusing optics. The tar-
get material is typically a sintered ceramic with the material composition of
the film to be deposited. Depending on the properties of the target material,
laser energy, and pulse duration, the ablation of target material occurs above
a threshold energy density. The ablated material forms an ablation plume di-
rected towards the substrate placed at a distance of 4-8 cm and re-condenses
to form films. Growth of ZnO using PLD are well reported in the literature
[253, 207, 159]. Epitaxial growth of ZnO film was achieved on sapphire sub-
strates using the PLD technique at deposition temperatures of 500 - 800◦C
[207]. Similarly, Muth et al. [159] reported growth of ZnO thin films on sap-
phire substrates and found that annealing the films in oxygen dramatically
improved the optical and electrical properties.
2.2.4 Molecular Beam Epitaxy
Molecular beam epitaxy (MBE) is a technique used to deposit epitaxial (i.e.
layer by layer) thin films of target materials of superior quality on a substrate.
It can be used to deposit films of oxide materials, semiconductors, metals,
and insulators [7, 17] with the ability to control film growth at a mono-layer
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level. MBE is applied in the commercial fabrication of special semiconduc-
tors used in the optoelectronics and high-frequency devices. There is the re-
quirement of ultra-high vacuum (UHV) environment in the growth of films
using MBE which ensures that a very pure form of the desired crystal is
grown. The ultra-high vacuum environment also enables the beam pressure
to be efficiently controlled.
In the MBE, a material is sublimated or evaporated (for a liquid source)
from the effusion cells, forming a molecular beam. The effusion cell is made
of crucible containing the source material which is heated via ohmic heating
using a filament wound around the crucible or by electron heating. The qual-
ity of growth in an MBE is dependent on the arrival of atoms on the surface
and is very sensitive to impurity atoms such as nitrogen and oxygen [27].
The thermal molecular beams move in the ultra-high vacuum chamber and
interact at the surface of a heated substrate to diffuse and form an epitaxial
layer of film. Though its principle of film deposition is simple, several com-
plex technologies are involved to ensure controllability and that films of de-
sired purity and uniformity are grown. Investigation on ZnO films deposited
through the MBE process and their properties are reported in the following
Refs. [167, 11, 12]. In the report of Ohgaki et al [167], ZnO films were grown
on sapphire substrate by MBE under oxygen radical irradiation. It was found
that the growth rate was dependent on the Zn flux with carrier mobility of up
to 42 cm2/V.s found for the films. Charge carrier concentration was between
∼ 10−18 - 1019 and was dependent on the substrate temperature, decreasing
with increase in the temperature.
The MBE has increasingly become the standard growth method for best
quality films for which other methods of growth are compared to it. While
it has been applied commercially, the MBE suffers from low yield resulting
from low growth rate when mass production of films is desired compared
with other techniques such as Liquid Phase Epitaxy (LPE) and Metalorganic
Chemical Vapour Deposition (MOCVD).
2.3 Chemical Vapour Deposition
The CVD methods allow for film growth by the chemical reaction of the pre-
cursors in the vapor phase. The requirement for chemical reaction differenti-
ates it from other physical vapor deposition methods already discussed. For
a film to be grown by the CVD means, the precursor has to be delivered in
the gas phase and transported to the substrate for the reaction to occur. The
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CVD method has become an important thin-film deposition technology for a
wide range of materials used in some areas of solid-state electronics requir-
ing high purity of the material. In a CVD, the precursor is delivered in a gas
stream and transported to the substrate with an application of energy leading
to nucleation on the substrate.
A CVD technique is accomplished in different types depending on how
the chemical reaction is initiated. A CVD reaction can occur under atmo-
spheric pressure, low pressure or ultrahigh vacuum pressure. Several tech-
niques are considered CVD based deposition methods, some of which are
briefly outlined.
• Metal-Organic CVD (MOCVD): In the MOCVD growth method, met-
alorganic and other precursor chemicals are vaporized and transported
as gases injected into the reactor at elevated temperature. This leads
to a chemical reaction which results in the deposition of the crystalline
film on the substrate [41]. The method can be used to create crystalline
layers for multilayer structures and is a common method of film depo-
sition in the optoelectronic industry.
• Plasma enhanced CVD (PECVD): In this method, a plasma is used to
improve the rate of chemical reaction of the precursor. The PECVD
growth enables growth at a lower temperature which is critical in the
semiconductor industry.
• Aerosol assisted CVD - Also called mist-CVD, it relies on the precursors
to be transported to the substrate by the means of liquid/gas aerosol
generated through ultrasound pulses. This is a variant of the CVD
method used for the growth of ZnO presented in this thesis. Further
discussion of the mist-CVD growth method is presented in Chapter 4.
• Laser-induced CVD (LCVD): Still in its early stages of development, the
LCVD uses a laser beam for a highly localized heating of the substrate
that can then induce film deposition by the chemical reactions of the
gases. Another mode of using the laser beam in the process is to activate
gaseous reactant molecules/atom by absorption of light of a particular
wavelength which can lead to a specific selection of atomic species for
reaction and film growth.
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2.4 Wet Chemical Methods
Film deposition through wet chemical routes typically involves the use of
chemical bath and sol-gel methods where the precursors react to form col-
loidal solutions which form the basis of the growth species for the desired
material. After allowing the precursor solution to age and evaporating the
solvent, a continuous network of layers of the material is formed in a rel-
atively simple manner. Films deposited using the wet chemical techniques
are typically amorphous or un-oriented polycrystalline in nature with many
grain boundaries resulting in low mobility and high resistivity, although
post-growth annealing and plasma treatment can improve film properties
[89]. A few of the reports on ZnO films deposited through the sol-gel meth-
ods are reported in these Refs [161, 63, 107]. The common wet chemical film
deposition methods include
• Deep Coating: In this method, the substrate is dipped into a precur-
sor solution and heated to vaporize the solvent thereby forming a con-
tinuous network of the solid film of the material. It is common for
dip-coated films to be amorphous and requiring further annealing to
achieve crystallization.
• Spin Coating: This method requires the precursor solution to be dropped
onto an already spinning substrate enabling the precursor solution to
spread across the surface forming a solid layer of film. Spin coating is
employed in the course of my research for coating photoresist on the
substrate for microelectronic device fabrication.
2.5 Basics of the Band Theory of Solids
Band theory describes the range of energies that an electron within a solid can
occupy by looking at the quantum mechanical wave functions of an electron
in the periodic lattice of atoms or molecules. From the band theory, the va-
lence electron and the core electrons are localized. The core electrons, tightly
bound to the nucleus do not interact strongly with adjacent atoms in a solid
and have no net contribution to the bonding in solid. To describe the sym-
metry of the atomic orbitals in a crystalline solid, the wave vector k, has to
satisfy the Bloch condition such that the allowed wave function must reflect
the periodicity of the lattice [16]. These wave functions provide stationary
solutions to the Schrödinger equation for an electron in a solid within the
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periodic boundary conditions. For a free atom, the allowed energy levels are
discrete in the form of atomic orbitals whereas, for solid, the energy levels for
electrons form bands. The band theory provides a useful tool to understand
several properties of solids including optical properties, electrical conduc-
tion, and magnetism.
FIGURE 2.4: Electronic band structure of wurtzite ZnO calcu-
lated using local density approximations with self interaction
correction (SIC-LDA) method [223].
It is typical for electrons to fill up lower energy bands first. The lower
the energy band, the more likely it is filled by electrons. In a semiconductor,
the top of the nearly filled band is the valence band while the lowest nearly
empty band is the conduction band. A conductor, insulator or semiconductor
can be understood in terms of the energy bands and their bandgap energy.
The top of the valence and bottom of the conduction band are separated by
the energy difference which is equal to the bandgap of the semiconductor.
The band structures of a semiconductor and an insulator are similar except
that insulators have a larger bandgap energy than semiconductors. Electrons
in a filled band do not have net velocity, and hence do not conduct electric-
ity. Conversely, an empty band does not contribute to current conduction.
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It is understandable as to why the conduction band (via electrons) and the














FIGURE 2.5: Representation of the position of the Fermi level
EF for a semiconductor with n-type and p-type conductivity.
The energy bands in solids are typically represented in dispersion graphs
which are plots of energy versus the wave vector k. A band diagram depict-
ing the electronic band structure of ZnO calculated using LDA model [223]
is shown in Fig. 2.4. Whether the bandgap of a given semiconductor is direct
or indirect is of fundamental importance in its applicability for optoelectron-
ics. In a direct bandgap semiconductor, the energy difference between the
valence band maximum and the conduction band minimum lies at the same
k-point, usually the center of Brillouin zone (Γ-point) corresponding to k =
0 in the reciprocal lattice space. The difference in energy is the bandgap en-
ergy. In the process of optical or electron-phonon interactions, electrons can
be excited with sufficient energy to move from the valence band to the con-
duction band [13, 50] resulting in the formation of holes in the valence band.
In direct bandgap semiconductor such as ZnO, electron-hole pairs recombine
radiatively with high probability.
An important quantity in the band theory is the Fermi level. At thermo-
dynamic equilibrium, the Fermi level function is given as
f (E) =
1
1 + exp(E−EFkBT )
(2.1)
where f(E) is the probability of an electron occupying a given energy state E at
a particular temperature T, while EF and kB represent the Fermi level and the
Boltzmann’s constant respectively. The Fermi level is the energy level such
that the probability that the energy state is occupied by electrons is exactly
1/2. At absolute zero, the value of the Fermi level EF is called the Fermi en-
ergy and is constant for a given solid material. For semiconductors, the Fermi
level lies within the bandgap which corresponds to energy state with a 50%
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probability of occupation by electrons at a given temperature. The position
of the Fermi level with respect to the conduction band determines the elec-
trical properties of a semiconductor. The band theory gives an explanation
of why metals are good electrical conductors due to their valence electrons
being free, depicted as an overlap of the valence and conduction band such
that a fraction of the valence electrons can move through the material and
conduct electricity.
The addition of dopants to the crystal structure of a semiconductor can
alter the position of the Fermi level. By doping with impurities that increase
the net number of the electrons in the semiconductor material (n-type), the
Fermi level moves closer to the top of the conduction band such that elec-
trons can be easily excited to the conduction band as represented in Fig. 2.5.
Similarly, if a semiconductor is doped with acceptor impurities thereby in-
creasing the number of holes above the valence band, the Fermi level shifts
down towards the top of the valence band. Further background knowledge
on band structure and how explanations of material properties based on the
theory can be found in a standard text on the Physics of semiconductors [210,
71].
2.6 Properties of ZnO
One of the reasons for the continued interest in ZnO arises from its desirable
chemical and physical properties. ZnO has got piezoelectric properties and is
also a wide bandgap semiconductor. It is transparent in the visible region and
shows significant changes in conductivity when exposed to various chemical
environments. These properties ensure that ZnO based semiconductors and
other related materials remain potential candidates for applications in trans-
parent conducting electronics, solar cells [194, 117], gas sensors [226, 193] and
surface acoustic wave devices [82, 28] etc.
2.6.1 Crystal Structure
ZnO semiconductor typically crystallizes in the hexagonal wurtzite or cubic
zinc-blende crystal structure similar to other groups II-VI binary semicon-
ductors with each anion surrounded by four other cations at the corners of a
tetrahedron and vice versa as shown in Fig. 2.6. At ambient conditions, the
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wurtzite structure is stable and most common while the zinc blende struc-
ture can be obtained when the growth of ZnO is done on substrates with cu-
bic lattice structure [173]. At relatively high pressure of about 10 GPa, ZnO
undergoes a phase change to the rock-salt crystal structure.
The hexagonal wurtzite structure of ZnO has lattice constants: a = 3.252
Å and c = 5.213 Å, with a c/a ratio = 1.633 [173]. A schematic represen-
tation of the unit cell of wurtzite structure of ZnO crystal is shown in Fig.
2.6. A schematic diagram identifying the low-index crystal planes in hexag-
onal ZnO using the three-axis (Miller indices) and four-axis (Miller-Bravais
indices) is shown. In the structure of ZnO, the Zn2+ ion is bonded tetra-
hedrally with an O2− ions and vice-versa. The structure comprises of two
interpenetrating hexagonal close-packed (hcp) sublattices, with each consist-
ing of a type of atom displaced with respect to each other. Each sublattice
has four atoms in each unit cell and every oxygen atom is surrounded by
four zinc atoms and vice versa, which are coordinated tetrahedrally. Thus,
the Zn terminated face (0001) and the O terminated face (0001̄) constitute the
polar faces while the (112̄0) and the (101̄0) faces which have equal O and Zn
atoms constitute the non-polar faces. The polar nature of ZnO accounts for
some of its interesting properties such as piezoelectricity, spontaneous polar-
ization, crystal growth, and etching.
FIGURE 2.6: Hexagonal wurtzite crystal structure of ZnO. A
sketch of the planes of a ZnO single crystal with their Miller
indices indicated.
The tetrahedral coordination of ZnO is considered sp3 covalent bonding
although the electronegativity difference between Zn and O atoms gives sig-
nificant bond polarity to ZnO. This makes ZnO substantially ionic with ionic-
ity of 0.616 on the Philips scale [26], which is close to the borderline between
covalent and ionic semiconductor. In addition to the piezoelectric property
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of ZnO, the bond polarity in ZnO accounts for the preferential formation of
hexagonal instead of the zinc blende crystal structure during growth [173].
The crystal structure and bonding in ZnO give it a mechanical advantage as
a material with a high melting point of 1975◦C, a beneficial property for the
stability of electronic devices.
2.6.2 Band Structure and Optical Properties
Figure 2.7 is a schematic representation of the electronic band diagram of
ZnO. As a direct bandgap semiconductor, the valence band maximum and
the conduction band minimum occur at wave vector k = 0. Due to the ef-
fect of spin-orbit interactions and crystal field splitting, the valence band in
ZnO is further split into 3 subbands named A, B, and C valence subbands.
It is generally assumed in the academic literature that the symmetry of the
A-valence subband is Γ7 [85, 149, 19] even though it is debated based on the
most recent magneto-optical studies in on free A-exciton and the free exci-
ton oscillator strengths in ZnO [187, 68]. The middle subband (B-subband)
and the C-subbands are known to possess Γ9 and Γ7 symmetries respectively
[149]. The conduction band of ZnO originates from the empty 4s levels of
Zn2+ in the ionic bonding or by the lowest anti-bonding sp3 hybridization in
the covalent scheme of bonding.
As a wide direct bandgap semiconductor, ZnO is a transparent material in
the visible region of the spectrum with optical processes leading to emission
and absorption are quite efficient since phonon interactions do not contribute
to the interaction process. The band structure and the lattice dynamics of
ZnO strongly determine the optical properties of ZnO.
The potential to utilize ZnO in optoelectronic devices is dependent on
how efficient it emits or detects light which in turn is determined by the en-
ergy band structure and lattice dynamics. Excitation of a ZnO crystal of high
quality with photon energy that is higher than the bandgap results in the
transfer of electrons from the valence band to the conduction band. In the re-
verse process, electrons from the conduction band can return to the valence
band to recombine with hole thereby emitting a photon with energy approx-
imately equal to the bandgap of ZnO. The electrons and holes generated due
to photon absorption can create an electron-hole pair. This coupled electron-
hole pair held by Coulombic attraction is called a free exciton. Excitons in
ZnO have binding energy as high as 60 meV, making it a material of choice
for room temperature excitonic light emission and lasing. Excitons play an





















FIGURE 2.7: Representation of band structure of ZnO with with
its intrinsic exciton ground state symmetries.
important role in the luminescence characteristics of ZnO. Optical transition
studies in ZnO using photoluminescence spectroscopy and UV-Vis transmis-
sion/absorption spectroscopy are discussed in detail in Chapter 4.
2.6.3 Excitons in ZnO
The potential to utilize ZnO in opto-electronic devices is dependent on how
efficient it emit or detect light which in turn is determined by the energy
band structure and lattice dynamics. Excitation of ZnO crystal of high quality
with photon energy that is higher than the bandgap results in the transfer of
electrons from the valence band to the conduction band. The electrons and
holes generated due to photon absorption create an electron-hole pair. This
coupled electron-hole system held by Coulombic attraction is called a free
exciton. An exciton can be considered analogous to the hydrogen atom with
energy levels indexed by an integer n representing different energy states.








where ε is the relative dielectric constant and m∗r is the reduced mass of the
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m∗e and m∗h represent the effective masses of the electron and hole respectively.
The exciton binding energy quantifies its stability against temperature. With
an increase in temperature where thermal energy kBT is higher than the ex-
citon binding energy, the exciton dissociates into an electron and hole. A
recombination event and dissociation of an exciton results in an emission of
characteristic photon that provides information about the energy and spa-
tial position of the exciton [240]. Similar to the hydrogen atom, an exciton
can be excited into higher energy levels represented with increased integer
numbers n (i.e. n = 2,3,4,...). The formation of excitons in direct bandgap
semiconductors due to photon absorption with energy hν is given by [175]
hν = Eg − EB(1/n2) (2.4)
where EB is the binding energy of free exciton and Eg is the bandgap of
the material. Conversely, excitons that recombine in an optical absorption
process emit a narrow spectral line at photon energy given by Eq. 2.4. The
binding energy of an exciton also depends on the dielectric constant of the
material. Semiconductors such as Si and GaAs have high dielectric constant
resulting in low exciton binding energy. Consequently, excitonic effects are
only observed at low cryogenic temperatures in these materials.
As a result of possessing no net charge, excitons are not accelerated by
electric field and cannot transport charge through the crystal [123]. Excitons





where k is the exciton wavevector associated with the motion of centre of
gravity of exciton. The total energy of the exciton Ex,n is written as [123]




Due to the effects of spin-orbit and crystal field splitting in ZnO, the va-
lence band of ZnO has three sub-bands, two with Γ7 and the other with Γ9.
Group theory implies that the direct product of the band symmetries leads
to intrinsic exciton ground state symmetries for the different transitions be-
tween the conduction band and the one of the valence sub-bands. The combi-
nation of these symmetries during transitions imposes a selection rule that is
dependent on the polarization of incident electromagnetic waves. In relation
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to A, B and C free sub-bands, the selection rule imposes that for polarized
incident light with electric field E and wave vector k perpendicular to the
crystal c-axis (E ⊥ c; k ⊥ c), transitions involving all the three excitons are al-
lowed with the C-exciton weakly observable. If polarization is such that E ‖ c
and k ⊥ c, C-exciton is strongly allowed whereas the A-exciton is forbidden
with the B-exciton only weakly observable.
In addition to the free excitons, excitons can be bound to shallow impuri-
ties and contribute significantly to the optical processes of the ZnO semicon-
ductor at low temperature. A free exciton can bind to defects or impurities
in the crystal structure to form bound excitons. A free exciton bound to a
donor or acceptor forms a donor or acceptor bound exciton respectively. The
energy positions and line width can be used to differentiate between a free
and a bound exciton. The difference in the energy level between a free and
bound exciton is equal to the binding energy of the bound exciton usually
called the localization energy Eloc. The transitions involving bound excitons
emit photons with energy given by
hν = Eg − EB − Eloc (2.7)
where Eg is the bandgap, and EB and Eloc are the binding energy of the free
and that of the bound excitons. Bound excitons are known for narrow spec-
tral width and recombinations of bound excitons result in sharp line in a
luminescence spectrum of ZnO at low temperature [175].
2.7 Defects and Doping in ZnO
To date, the various roles of impurities and defects in the electrical and op-
tical properties of ZnO are not well understood. What is well known and
reported is that as-grown ZnO material usually exhibits n-type conductiv-
ity. Since most of the growth of ZnO materials is usually done in a Zn rich
environment, it was natural to assume that oxygen vacancies VO and zinc
interstitials Zni constitute the dominant donor defects and are responsible
for n-type conductivity. However, the attribution of VO and zinc interstitials
Zni as the main source of conductivity had been challenged with theoretical
calculations that showed both to have high formation energies in n-type ZnO
and are deep rather than shallow donors [119]. Based on this argument, V0
and Zni cannot be assigned as the predominant source of n-type conductiv-
ity. More so, their associated ionization energy will be too high to produce
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free electrons. In contrast, some other theoretical analyses have concluded
that Zni is actually a shallow rather than a deep donor [250, 165] and was ex-
perimentally supported through an electron irradiation experiment on bulk
ZnO where Zni was identified as the shallow donor [137]. Despite this, the
high formation energy associated with Zni still makes it a less likely source
of n-type conductivity in ZnO. These theoretical calculations that attribute
high formation energies for Zni and VO in ZnO have led to a prevailing opin-
ion that native defects do not contribute significantly to the conductivity in
ZnO. However, this notion was strongly challenged with a view that native
donors especially Zni contribute significantly to conductivity in ZnO, as com-
plexes rather than isolated elements for which the theoretical calculations
were based upon [137, 94].
Recently, the proposed origin for n-type conductivity in ZnO has now
shifted to defects in the ZnO crystal resulting from H. With interstitial hy-
drogen serving as an amphoteric defect in most semiconductors [221], it has
been reported that hydrogen exhibits shallow donor characteristics in ZnO
and is easily ionized with a low formation energy which makes it abundant
in ZnO crystal [228]. Experimental work on ZnO bulk material exposed to
H during growth have confirmed that a shallow donor due to H contributes
significantly to its conductivity [35, 205]. Apart from H, other donor impuri-
ties that contribute to ZnO conductivity include the Group III elements such
as Al, Ga and In which easily substitute Zn atoms. Group VII elements such
as F and Cl are also reported to act as donor atoms in ZnO [60] while Group
IV elements such as C, Si, and Ge can be electrically active and act as donors
or acceptors. Achieving p-type conductivity in ZnO with acceptor dopant
atoms is of great interest in ZnO since it will lead to a p-n junction UV LED
and could bring a similar impact in solid-state UV lighting that GaN made
more economically. Group I elements such as Li, Na, and K, substituting
for Zn, and Group V elements such as N, P and As substituting for O are
considered as acceptors based on theoretical calculations [94]. Even though
there are some reports of p-type conductivity achieved among researchers by
incorporating these dopant atoms [139, 9, 153], a reproducible, reliable and
stable ZnO of p-type conductivity remains difficult and challenging. Much of
the problems stem from the low Hall mobility measured as well as localized
carriers in ZnO films doped with these impurities thought to lead to p-type
conductivity [173].
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2.8 Thin film of ZnO
The application of ZnO in some areas such as optoelectronic devices, solar
cells, gas sensing devices, thin-film transistors, etc, require material growth
in the form of a thin film of thickness ranging from a few nanometres to
microns. The texture of the film defines the orientation of the crystallites
making up the film. The texture quality of the deposited film can be said to
be in-plane or out of plane depending on whether rotation along the growth
axis is the same for all the crystallites. A useful reference on the texture of
ZnO films and a review of film properties for different deposition techniques
is described in the cited thesis work [120].
It is rather expected that the physical properties and area of application
of ZnO films can significantly be different from that of the single-crystal bulk
material as determined by the microstructure and texture of the film. An in-
stance is in the electrical performance of intrinsic and doped ZnO film where
carrier mobility is determined by scattering within the grain and at the grain
boundaries [53]. Therefore carrier mobility is decreased while electrical resis-
tivity is expected to increase with decreasing grain size leading to more grain
boundaries. Also, the performance of ZnO for use in acoustic wave devices
is strongly determined by the maximum c-axis texture since the piezoelectric
property of ZnO is only exhibited along that direction.
Further, the topography of the deposited ZnO film is another factor that
is put into consideration in a technological application a thin layer of ZnO
is used for. A smooth ZnO film topography is desirable, for instance when
used as active channels for thin-film transistors. On the other hand, ZnO
films with a crater-like rough topography will be suited for the front contact
electrode in solar cell applications to effectively scatter the incoming light for
better performance and efficiency [243].
Based on this premise, it is important to have a good understanding of
the texture of deposited ZnO film and factors that control the growth to deter-
mine the application potential. It is also of interest to achieve thin film growth
of ZnO with structural quality near a single crystal. An understanding of the
mechanisms governing the growth of films is necessary to achieve nucleation
tailored to a particular application. A discussion on the growth, texture and




A review of some of the thin film deposition techniques have been pre-
sented in the chapter. Generally, film deposition techniques can be
grouped into methods involving physical vapor deposition or chemi-
cal vapor deposition techniques.
In the physical vapor deposition, the desired target material to be de-
posited is evaporated from the solid phase with the vapor condensed
on the substrate. Vaporization of the target can be achieved via heating
(thermal evaporation), high power laser (PLD), gaseous plasma (Sput-
tering) and via heating in effusion cell under ultra-high vacuum (MBE).
Chemical vapor depositions encompass methods that require chemical
interactions to occur for film deposition to occur. Several methods of
CVD based methods exist - MOCVD, PECVD, Mist-CVD are some ex-
amples.
Band theory of solids provides a theoretical model that describes the
energy states of electrons in solid materials and provides a basis for
the understanding of semiconductor characteristics such as optical and
electrical properties.
ZnO is a direct wideband semiconductor with a hexagonal wurtzite
crystal structure. It has an excitonic binding energy of about 60 meV.
Thin films of semiconductor material are required in certain applica-
tions as opposed to the bulk. Thin layers of materials could have phys-







This chapter is devoted to describe the experimental setup used for the mist-
CVD deposition of ZnO films on substrates. It presents a discussion on the
mist-CVD growth technique and focusses on the fine-channel mist-CVD de-
sign type for the growth of ZnO films. Some preparatory steps necessary for
successful growth process are presented in addition to various characteriza-
tion techniques used to study the film properties. The description of the basic
principles behind these characterization methods are presented with results
discussed in subsequent chapters.
3.2 Mist-CVD film deposition
In the previous chapter, a review of some thin film deposition methods was
presented. Here, the discussion will focus on the mist-CVD growth technique
for the deposition of thin layers of ZnO on various substrates. The mist-
CVD is one variant of the conventional CVD growth process based on its
underlying principle of a breakdown of precursor material by heat energy.
The main feature of the mist-CVD growth technique is that it allows film
deposition from source precursor in the liquid form delivered in the form
of a mist. The mist is delivered to the heated reactor where evaporation of
solvent occurs leading to chemical reaction and decomposition into a thin
layer of desired material on a substrate. The system comprises two main
units - the mist atomization unit and the reaction deposition unit. In the
atomization unit, the source solution containing the constituent elements is
atomized via an ultrasonic generator.
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FIGURE 3.1: Photo of a mist-CVD system with a fine-channel
reactor type used for the growth of ZnO films presented in this
thesis. The reactor is insulated with refractory bricks during
growth to maintain uniform temperature over the reactor.
As a solution-based growth method, the mist-CVD offers several advan-
tages relative to other growth techniques. Mist-CVD is simple, relatively in-
expensive and safe to operate. The technique allows for film growth under
atmospheric conditions without any need for vacuum systems. Films can
also be deposited on a large area substrate at relatively low deposition tem-
peratures. The precursor salt used in mist-CVD is safe when compared with
metal-organic salts used in MOCVD such as diethyl zinc and dimethyl zinc
which reacts violently in air and water even at low-temperature [74]. Deposi-
tion of ZnO films throughout the research work used zinc acetate dihydrate
Zn(CH3CO2)2.2H2O, widely used as the zinc source and is chemically stable
in atmospheric air and cheap in cost.
The atomizing unit of the mist-CVD system consists of a container fit-
ted underneath with three ultrasonic pulse transducers. Deionized water is
usually poured into the container before placing the precursor chamber to
prevent damage to the ultrasonic transducers. Each transducer is operated
at a frequency of 2.4 MHz. The carrier gas is supplied from a pressurized
oxygen gas cylinder. The flow of the carrier and dilution gases are controlled
by a gas flow meter fitted with manual control knobs.
In the process of ultrasonic atomization, ultrasonic pulses are generated
by the transducer which creates a fine mist of droplets that are ejected from
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the precursor solution at very low velocity. The exact mechanism of atom-
ization is still not well understood. There are two explanations for the mech-
anism of ultrasonic atomization of the liquid. One description is that ultra-
sound pulses induce vibrations into the liquid column which travel to the
surface of the constituent liquid precursor and propagate as capillary waves.
At a sufficient oscillation intensity that overcomes the surface tension forces
of the liquid, the crest of these capillary waves extends into the droplets lead-






where σ is the surface tension coefficient, ρ is the density of the liquid and f
is the frequency of the surface waves.
Another hypothesis to explain atomization is the cavitation theory [215],
which proposes that the disintegration of the liquid bubble and formation of
micro-droplet mist is a result of vibrations from the ultrasonic pulses which
cause regions of compression and expansion within the liquid column. A
cavitation bubble is formed due to pressure wave propagating through the
liquid. In the compression cycle, the positive pressure can lead to the implo-
sion of the bubble to produce liquid droplet at the liquid surface. Presently,
the most accepted theory combines the effect of both capillary wave and cav-
itation, with a hypothesis that the combination of capillary waves on the liq-
uid surface in addition to cavitation bubble originating from acoustic oscil-
lations beneath the liquid surface (i.e. cavitation) leads to the atomization of
the liquid droplets [191]. Reported experimental observations have shown
that the mean droplet diameter D is proportional to capillary wavelength on
the liquid surface. At 2.4 MHz frequency, the droplet radius for atomized
water is estimated to be 0.8 µm [104].
The mechanism that takes place in the growth of ZnO by the mist-CVD
process remains debatable. Two models are considered to describe ZnO film
growth in a mist-CVD deposition system. One of the mechanisms is the va-
porization model as depicted in Fig. 3.2(a) which is similar to the gas source
CVD where the constituent precursor is vaporized and film deposition occurs
in the gas phase. The vaporization model is supported in the article by Lee
et al. [131] and more recently by Uno et al. [219] who confirmed through sec-
ondary ion mass spectroscopy (SIMS) that the preferred growth mechanism
for ZnO films in the mist-CVD system is the vaporization model. Another
is the Leidenfrost model which describes film formation at the boundary be-
tween the droplet and the heated surface according to the Leidenfrost effect








(a) Vaporization model (b) Leidenfrost model
FIGURE 3.2: Depiction of two growth models in mist-CVD film
growth: (a) Vaporization model and (b) Leidenfrost model.
[132]. The Leidenfrost effect is that rapid evaporation observed when water
droplets touch a heated metallic pan or when liquid nitrogen is poured on a
dry surface. This interaction enables the transfer of heat and mass between
the mist droplet and the heated substrate until the complete evaporation of
the droplet. In this model, the film deposition occurs at the boundary be-
tween the droplet and surface (Fig. 3.2b). Some articles have suggested the
Leidenfrost effect as the mechanism for thin film deposition [103].
Most of the reports of film depositions using the mist-CVD system uses ei-
ther of two reactor zone designs - (i) The fine-channel reactor (ii) The hot-wall
reactor. The hot wall type is like the conventional MOCVD and can allow for
high temperature growth and potentially high crystalline quality of films.
For the hot wall design, it is expected that the atomized mist particles of the
source material collide efficiently with the heated substrate. Depending on
the design and other factors like mist flow rate and properties of the precur-
sor solution, an efficient collision between the mist droplets and the heated
substrate within the hot wall prevents complete vaporization of the precur-
sor solution. Therefore, growth with the hot-wall system is more probable to
follow the Leidenfrost process of film formation especially for solvent types
such as water with a higher heat of vaporization compared with volatile al-
cohols. Nishinaka et al [163] used the hot-wall for ZnO film growth with a
mixture of water and acetic acid (7:3 ratio) on a sapphire substrate with a
buffer layer. Likewise, the work of Jonty Scott, a co-PhD candidate at the
University of Canterbury has used the hot wall design type for the growth of
SnO2 films and other nanostructures.
All the ZnO films presented in this thesis were grown using the fine-
channel mist-CVD reactor structure as described in the next section. At-
tempts made to grow ZnO film with the hot wall structure in the research
work were achieved using only flammable methanol comprising > 90% of
the precursor volume. Such a precursor mixture was flammable and pre-
sented a fire safety risk, and in disagreement with the very desired merit of
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the mist-CVD process as a safe film growth method.
3.2.1 Fine channel reactor
The reactor region where the deposition of the film occurs is made of alu-
minum and is of the fine-channel design structure. This reactor system ini-
tially developed by Kawaharamura, Kochi University Japan [103] schemati-
cally shown in the deposition stage of Fig. 3.3 consists of a thin "fine chan-
nel" region of about 1mm height above the substrate. The reaction region is
narrowed to increase the film deposition efficiency by concentrating the va-
porized mist gas on the substrate resulting in increased partial pressure for
oxygen [105]. Thus, the use of the fine-channel mist-CVD reactor chamber
supports film nucleation on the substrate via the vaporization model as re-
ported by Lee et al. and Uno et al. [131, 219]. The fine-channel reactor was
heated underneath through a heating plate with temperature monitored by
a thermocouple attached close to the substrate in the fine-channel reactor.
To maintain a uniform temperature within the aluminum-based fine channel
reactor, refractory bricks were used to insulate the structure. Also, the refrac-
tory bricks allowed for good thermal insulation by preventing heat losses
from convection and enabled stable temperature control over the entire fine-
channel reactor. The relatively low melting point of aluminium (∼660◦C)
constrained the deposition temperature for routine growth of films to 500◦C
with the fine-channel reactor. Even though a few depositions were done at
a growth temperature of 550◦C, degradation in the fine channel structure
meant that growth temperature did not exceed 500◦C for the majority of ZnO
film samples.
During film growth using the fine channel reactor, the mist can be consid-
ered to move through four different stages.
• Evaporation: At this stage in the reactor, the mist particles carried by
the transfer tubes move randomly and enter the heated cavity of the
reactor. This is the stage that vaporization of the mist occurs. If multi-
ple precursor reactants are transferred to the reactor, the mixing of the
reactant species occurs in this zone.
• Vapour normalization: At this stage, the vaporized mist enters the fine
channel reaction space. Due to the frictional interaction between the
mist and the wall of the channel, the vapor moves with the laminar
flow with uniform velocity.
36 Chapter 3. Film Deposition and Characterization Techniques
FIGURE 3.3: (a) A schematic diagram of the fine channel mist-
CVD system with the ultrasonic atomization region and the fine
channel structure with a reaction space of 1 mm height. (b)
Temperature distribution based on numerical simulation for a 1
mm and 10 mm reaction space extracted from the work of [103].
• Deposition: The vaporized precursor growth species then reaches the
substrate kept at a desired substrate temperature, and gains the needed
activation energy resulting in film growth. By-products of gases and
vapors are de-absorbed out of the surface of the substrate.
• Exhaust: This is the last stage in the reactor whereby vapors and gases
produced from the film synthesis are moved outside of the reactor through
an exhaust pump.
The very narrow channel in the FC-mist CVD provides a good thermal heat
distribution across the reactor. The research article [103], provides an exten-
sive work on the fine channel structure and shows through numerical sim-
ulation that temperature distribution in the reaction space that is 1 mm in
height is significantly more uniform than a 10 mm reaction space as shown
in Fig. 3.3(b). The temperature uniformity across the narrow reaction space
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ensures that when a sufficient amount of precursor is supplied, the same re-
action rate can be achieved in the whole reaction area. Such a feature allows
for a uniform thin film growth across the entire substrate.
3.2.2 Pre-growth steps
Before the growth of ZnO film onto a substrate, various steps are taken in-
cluding substrate cleaning and precursor preparation. These steps are rou-
tinely taken whenever ZnO film is grown. Most of the film depositions were
done on a 10 mm × 10 mm substrate area. That area is usually diced from a
2-inch diameter sapphire wafer. First, the 2-inch wafer is carefully mounted
on a silicon wafer 4-inches in diameter to provide a base for the sapphire and
to prevent damage to the sapphire wafer. The sapphire wafer is spin-coated
with AZ1518 photoresist to protect the polished surface from debris that oc-
curs during dicing. A wafer saw is used to cut deep into the sapphire wafer
without going right through the wafer thickness to the desired area (typically
10 mm × 10 mm ).
Both the sapphire substrate and ZnO film being transparent presents a
challenge in identifying the correct side of the substrate that has film de-
posited on it. The identification of the film surface is done by making an
inscription mark using a diamond scriber on the opposite substrate surface
where film deposition was not done.
Substrate cleaning
The cleaning of the substrate is vital in the film deposition process with con-
tamination of the substrate surface able to cause nucleation sites facilitating
growth and leading to non-uniform film deposition. For each film growth
procedure, the substrate cleaning process typically comprises of ultrasonic
agitation for 10 minutes each in acetone, methanol and isopropyl alcohol
(IPA). After cleaning in IPA, the substrate is blow-dried using nitrogen gas.
Since a layer of photoresist is used to protect the surface of the substrate
during dicing to desired sizes, a further cleaning step using oxygen plasma
is done before the growth of films to remove residual particles of photore-
sists that may not have been removed by ultrasonic agitation in the cleaning
process.
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Precursor Solution
For film deposition, the precursor solution consists of a mixture of zinc ac-
etate dehydrate dissolved in aqueous ammonia solution. The ammonia solu-
tion is maintained at the desired pH by measuring it with a calibrated digital
pH meter before the addition of zinc acetate salt. The solution is magneti-
cally stirred at room temperature for about 20 - 30 minutes to ensure that the
zinc acetate salt is completely dissolved and a clear solution is formed.
A completely clear precursor solution is then transferred to the atomiza-
tion chamber where ultrasonic pulses from the transducer enable mist to be
generated from the solution. Before the growth of the ZnO film, a warm-up
process of 5 minutes duration is done by atomizing the precursor solution
without any flow gas. A carrier and dilution gas flow rates of 4 lit/min and
6 lit/min were respectively set to transfer the generated mist particles to the
heated reactor. For each growth, source precursor volume of about 150 ml is
transferred into the atomization chamber and replenished after 60 minutes
of growth if necessary.
3.3 Characterization Techniques
In this section, the various characterization techniques that were utilized to
study the properties of ZnO films deposited through the mist-CVD growth
process are described. These characterization techniques were used to study
the morphological, electrical and optical properties of the films. The crys-
talline properties were investigated through X-ray diffraction measurements.
3.3.1 Film Surface Morphology
Surface morphology of deposited films was studied using atomic force mi-
croscopy. An understanding of film morphology and the factors that influ-
ence morphology are useful considerations in optoelectronic applications,
with rough film surfaces contributing to electron scattering which affect the
performance of metal contacts when films are employed in electronic devices.
A smooth surface morphology of a film sample entails an increased likeli-
hood of fewer grain boundaries and better electrical conductivity within the
bulk. Also, since thin films are grown on substrates, the surface tension at
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film-substrate interface and wetting/de-wetting processes in the film crys-
tallization play vital roles in determining the film morphology [136]. Addi-
tionally, factors such as temperature, vapour atmosphere, precursor concen-
tration and surface treatment affect and lead to different film morphologies.
The description of two methods utilized for surface morphology studies of
deposited films is discussed.
Atomic force microscopy
Atomic force microscopy (AFM) is used to acquire high-resolution images of
the sample surface using the atomic force interactions between the sample
surface and the scanning tip. In the AFM, the tip which is fixed to the can-
tilever interacts with the surface of the sample resulting in the deflection of
the cantilever beam in line with Hooke’s law. At a very close distance be-
tween the tip and the sample surface, the attractive and repulsive forces be-
tween the tip and the atoms of the sample act as a net force on the probe tip
and deflect the cantilever. Thus, the net force between the probe tip and the
sample surface is proportional to the displacement of the cantilever. While
the probe tip scans across the surface of the sample, a photo detector mea-
sures a laser beam that reflects off the cantilever. The laser monitors the net
deflection of the cantilever enabling a topographic image of the sample sur-






FIGURE 3.4: Schematic representation of the working principle
of atomic force microscope (AFM)
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There are commonly two modes of measurement utilized for surface imag-
ing in the AFM - (i) contact mode which requires that the scanning tip is in
contact with the surface (b) tapping mode where the molecule orbitals of
the cantilever tip and the surface overlap and interact through electrostatic
forces. The AFM images presented in this thesis were all acquired using the
tapping mode to reduce the possibilities of damage to the film surface and
the tip. Analysis of AFM images was done with Gwyddion software. An
important assessment of film morphology using the AFM is the root-mean-







where N is the number of points, Zi is the ith point of Z and Zavg is the
average value of Z.
3.3.2 Optical Characterization
Two characterization techniques were employed to study the optical proper-
ties of the ZnO films deposited by the mist-CVD process. These methods are
the UV-Vis absorption/transmission spectroscopy and photoluminescence
(PL) spectroscopy.
UV-Vis spectrophotometry
For the transmission and absorption spectroscopy of ZnO films, a Cary 6000i
UV-Vis-NIR spectrophotometer capable of recording spectra from the UV to
near infrared region was employed. The spectrophotometer comes with 2
sets of lamps - one is a hydrogen lamp that is best suited for measurement in
the UV region between 200 - 350 nm while the other is a quartz-iodide lamp
that is optimized from ultraviolet to the near infra-red region between 300 -
1800 nm wavelength.
During transmission measurement, a light beam of varying wavelength
from 200 nm - 800 nm is selected through a monochromator (with a default
spectral bandwidth of 2 nm) and split into two beams - the sample and refer-
ence beams. To compensate for the varying intensity of light source at differ-
ent wavelengths, an absolute value of transmission spectra was not recorded.
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Instead, transmission signal from a sample with film deposited on it is com-
pared to a reference beam passing though a bare substrate. This enables ef-
fects from the reflectivity constants of the substrate to cancel out and allows
transmission measurement only from the film to be recorded. Additionally,
a baseline calibration is done to correspond with 100% and 0% through the
sample. Such calibration is necessary to remove the discontinuities in the
spectrum that may show up during lamp changeover.
Measuring the transmission/absorption of photons of varying wavelength
through a semiconductor provides a direct method to find the optical prop-
erties of the material such as bandgap and absorption coefficient α(λ). The
electronic state of a semiconductor material is shown in its optical absorption
properties thus, information related to these electronic states can be found
from transmission spectroscopy.
The Beer Lambert law written as I = I0 exp(−αd) gives the intensity of
transmitted light incident on a material with thickness d and absorption co-
efficient α. The percentage transmission and absorption coefficient α are ex-


















where I0 is the light intensity transmitted along the reference beam and It is
the intensity transmitted from sample.
The absorption spectra are calculated from the measured transmission
through the film sample. The absorbance A is calculated from transmission
using the relations
A = 2− log %T
(1− R)2 (3.6)
where A is the absorbance, %T is the transmission through the film in per-
centage and R is the reflectivity. In this thesis work, the reflectance is not
taken simultaneously with transmission data because the reflectance is al-
most constant in the visible region. The transmission spectra for the de-
posited films shows close to 100% transmittance in the visible spectrum.
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Therefore, the reflectance is ignored and the absorbance is simplified as A =
2− log(%T).
In the high absorption region, the variation of the absorption coefficient
is used to determine the optical band gap and obey the Tauc relation [213],
αhν = B(hν− Eg)n (3.7)
where Eg is the optical band gap and B is a parameter that is independent of
the photon energy. The value ascribed to n depends on the type of electronic
transition taking place during photon absorption. In crystalline semiconduc-
tors and assuming a parabolic density of states, n can take the value of 1/2,
2, 3/2 or 3 depending on whether the transition is allowed direct, allowed
indirect, forbidden direct or forbidden indirect respectively. With ZnO being
a direct bandgap semiconductor, the allowed transition dominates the basic
absorption process with n = 1/2 used the determine the optical bandgap.
Since the absorption coefficient, α is defined as absorbance A divided by the
film thickness, the extrapolation of the linear region in the plot of (Ahν)2
against photon energy estimates the optical bandgap.
Photoluminescence Spectroscopy
A lot of interest in ZnO focusses on its optical and luminescence properties.
The photoluminescence (PL) spectroscopy technique is a non-destructive pro-
cess to study the electronic band structure and allows optical and defect fea-
tures to be identified based on the emission lines observed on the spectra.
PL studies can also give additional information on the crystal quality of a
material that is investigated. For ZnO to be effectively utilized in optoelec-
tronic applications, a good understanding and characterization of its optical
emission are necessary.
In a semiconductor, photo-excitation of the material occurs when photons
with energy greater than the bandgap interact with the semiconductor mate-
rial. The result of photo-excitation is that electrons are promoted from the va-
lence band to the conduction band with a hole left behind by the excited elec-
tron. The electron eventually transitions back to equilibrium ground state.
The photons emitted in a PL spectrum arise due to electronic transitions and
hence, provides information on the electronic energy levels of the material.
In a direct bandgap semiconductor such as ZnO, a more probable outcome
is the emission of photons with energy approximately corresponding to the
bandgap energy of the semiconductor. The excitation of electrons to the con-
















FIGURE 3.5: Representation of different radiation recombina-
tions in a semiconductor - (B2B) Band to band, (FX) free exciton,
(D0X) donor bound exciton, (A0X) acceptor bound exciton and
(DAP) donor-acceptor pair.
duction band by the external source leads to several recombinations mecha-
nisms as illustrated in Fig. 3.5. A band-to-band (B2B) recombination occurs
when a free electron in the conduction band recombines with a hole in the va-
lence band. This type of transition dominates at room temperature resulting
in a broad peak at the bandgap energy of the material. At low cryogenic tem-
perature, exciton formation probability increases leading to the observation
of emission with excitonic origins. Emission can be from a free exciton and
can be bound to native defects, impurities and crystal imperfections. Bound
excitons are localized and trapped to the defect sites formed by impurities in
the crystal. These impurities can be a donor or acceptor resulting in donor
bound D0X or acceptor bound A0X excitonic emissions respectively. As a
result of energy used for bonding, bound excitonic emission has photon en-
ergy that is red-shifted compared to that of the free exciton. By detecting the
PL features associated with these defects during radiation recombinations,
impurities in the crystal can be identified. ZnO being an intrinsic n-type
semiconductor, there is a relatively high concentration of donors within the
crystal, hence the presence of excitonic recombination from a neutral donor
is commonly observed in ZnO at low temperatures. The Coulomb attraction
between an electron and the hole forms a coupled quasiparticle electron-hole
system called exciton [93, 115]. An exciton can be free to move within the
lattice and can have an effective radius of multiples of lattice constants. Such
is referred to as free exciton (FX), or Wannier-Mott exciton and is observed
in most semiconductors. An exciton confined to its excitation site is called a
Frenkel exciton mostly found in an insulator and molecular crystals. For an
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intrinsic ZnO crystal, PL emission is dominated by excitonic recombinations
and their longitudinal optical (LO) phonon-assisted transitions.
A schematic representation of the PL measurement apparatus is shown
in Fig. 3.6. The excitation laser source is a 25 mW He-Cd laser with a wave-
length emission at 325 nm (3.815 eV) which enabled excitation of the ZnO
samples above the bandgap energy. The ZnO samples are affixed on a cop-
per finger sample holder using a silver paste and contained within the cryo-
stat. For temperature-dependent PL measurement, heating of the sample is
provided by Oxford Instrument Intelligent Temperature Controller. The inci-
FIGURE 3.6: Experimental setup for the acquisition of PL spec-
trum from ZnO film sample.
dent laser beam angle was maintained at 40 - 60◦ to the normal of the sample
surface which allowed for discrimination of reflected light from the actual
photoluminescence originating from the sample. PL emissions that are per-
pendicular to the sample are collected and collimated by a short focal lens
and then focussed on to an SP2150 spectrometer by a longer focal length lens.
All lenses used in the experiments have high transmission in the UV region
( > 92% @ 365 nm). The PL intensity spectrum spanning from the ultraviolet
to the near infra-red regions is collected and stored on a computer.
3.3.3 Point probe Hall effect
Hall effect electrical characterization is used to measure the charge carrier
concentration, type of charge carrier, mobility, and resistivity of a material.
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The underlying basic principle of the Hall effect is illustrated in Fig. 3.7.
When a constant current I flowing through the sample encounters a uniform
magnetic field with strength B perpendicular to the direction of current, the
current charge carrier q drifting with a velocity v will experience a Lorentz
force given by FB = qv× B perpendicular to both the direction of current and
magnetic field. The result as illustrated in Fig. 3.7 is that the charge carrier
is deflected in the y-direction. In an n-type semiconductor material such as
ZnO with current I passing through a sample, the electrons reach a steady





where n is the charge density, A is the cross-sectional area and q is the elec-
tron charge. When an externally applied magnetic field B is in the direction
perpendicular to the current flow, electrons will accumulate at one edge of





These accumulated electrons create an electric field EH due to the uneven
FIGURE 3.7: Schematic representation of the principle of Hall-
effect leading to a Hall voltage VH.
distribution of charges with a measurable potential difference known as the
Hall voltage VH. The current continues to flow along the material which in-
dicates that the force on the electrons due to the Hall electric field EH balances
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The magnitude of the Hall voltage VH is the EH multiplied by the width of
the material w. Since the sheet density ns is defined as the density of electrons






For a sample of roughly square geometry, the van der Pauw method con-
figuration method is widely used to determine the electrical properties of the
sample. The van der Pauw geometry entails four electrical contacts at the
four corners of the square sample. This measurement geometry is also ap-
plicable to other arbitrary shaped samples as long as the sample thickness is
defined and uniform, the contact area is small and are all on the perimeter
of the sample. In the work presented in this thesis, a HEM-2000 Hall Effect
System from EGK Holdings with a 0.51 T magnet was used to perform Hall
effect measurements on samples 5 mm × 5 mm utilizing the Van der Pauw
geometry. The Van der Pauw method involves measuring the resistivity of
a sample material through a 4-point probe contact method by applying cur-
rent at one edge of the sample and measuring the voltage across the opposite
edge. The sheet resistance of the sample can now be determined by solving










where Rs is the sheet resistance (Ω/sq) and, Rvertand Rhoriz are the averaged
resistances measured in the vertical and horizontal edges of the sample. For
a known thickness of sample d, the resistivity ρ is found by the relation,
ρ = Rsd (3.13)
The mobility of majority charge carrier called Hall mobility µH can be calcu-





It can be noted that the above derivations apply to the condition of sam-
ple homogeneity with only a single type charge carrier responsible for cur-
rent transport. This condition is most times not usually met in materials such
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FIGURE 3.8: A Hall effect board with a mounted 5mm × 5 mm
ZnO film sample for electrical measurement.
as ZnO. There can be parallel conduction paths within the sample with dif-
ferent mobility or charge carrier concentration. Additionally, surface states
are well known to occur in ZnO stemming from polarity related near-surface
band bending and adsorption of ambient gases [3]. Typically, to investigate
mixed conduction mechanisms in a sample, temperature-dependent Hall ef-
fect measurement is done and fitted with a two-layer model to determine the
mobility of individual charge carriers [138]. The results from the Hall effect
measurements reported in this thesis were done at room temperature which
gives effective mobility of the majority charge carrier.
3.3.4 X-ray Diffraction
When electromagnetic radiation impinges on a structure that is periodic with
geometric length variation on the scale of incident wavelength of radiation,
diffraction effects are observed. The interatomic distance in crystalline solids
is about 0.15 - 0.4 nm, corresponding to the x-rays with photon energies be-
tween 3 and 8 keV. Therefore, exposing a crystalline solid to x-rays enables
observable effects such as constructive and destructive interference, which
are exploited to study structural properties like lattice parameters, strain and
epitaxial quality.
A diffracted beam can be observed when certain geometric conditions are
satisfied. If the distance between two adjacent crystal planes, given by the
inter-planar spacing dhkl and the x-ray beam incident at an angle θ differ by
an integer number of wavelengths, constructive interference occurs leading
to a diffracted beam emitted at an angle of 2θ. This condition for an efficient
diffraction pattern from crystal planes identified by their Miller indices is
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FIGURE 3.9: Visualization of diffraction from planes in a solid
crystal. The intensity of the diffracted beam is maximum at
Bragg’s condition.
known as the Bragg’s law.
nλ = 2dhkl sin θ (3.15)
where n is an integer and dhkl is the inter-planer spacing in the lattice while θ
is the diffraction angle measured as an angle between the incident beam and
the crystal plane as represented in Fig. 3.9.
Typically, the wavelength of the x-ray is fixed, determined by the source
of the x-ray. The diffraction pattern formed by a specific set of planes in the
crystal with dhkl spacing produce diffraction peaks. The peak position in the
XRD spectra is determined by the inter-planar atomic spacing which obeys
the Bragg’s diffraction law and the atomic planes are identified with Miller
indices.
X-ray diffraction experiments were performed with a Rigaku Powder X-
ray Diffractometer (PXRD) equipped with a Bruker CCD area detector specif-
ically designed for powder XRD measurements. The diffractometer com-
prises of a copper target x-ray source which produces a K-α radiation at a
wavelength of 1.5406 Å. Additionally, a stepping motor assembly called go-
niometer enables both rotation and translation of the sample and detector
during sample alignment and measurement. As is common with PXRD sys-
tems, diffraction analyses are performed with the Bragg-Brentano geometry.
This measurement geometry is quite different from grazing incidence XRD
(GIXRD) noted to be more suitable for thin film samples. A brief explana-
tions of Bragg-Brentano geometry is presented here with some contrasting
features between its configuration and that of GIXRD.
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Bragg-Brentano geometry
This geometry is commonly used with for XRD analyses of powder samples.
A typical equipment design that is considered as Bragg-Brentano configura-
tion used parafocussed x-ray source that is fixed while the sample is rotated
around θ and the detector moves by 2θ. Additionally, a vector called the
diffraction vector that bisects the angle between the incident and scattered
beam is always normal to the surface of the sample during measurement.
The parafocussed x-ray source in this geometry is not really focussed but is
a divergent beam from a sealed tube, thus avoiding reduced intensity linked
to focussed and parallel beams [45].
In a diffraction measurement, x-rays from the source are scattered in a
sphere around the sample while the detector moves in a circle around the
sample with the position of the detector assigned to the angle 2θ. The number
of x-rays observed at each angle of 2θ is recorded by the detector as counts.
The randomly oriented crystallites in the sample produce Debye diffraction
cones (in the sphere) that correspond to a single Bragg angle 2θ. The linear
diffraction pattern is obtained when the detector scans through an arc that in-
tersects each Debye cone at a single point. The diffraction pattern of a crystal
which consists of positions, integral intensity and line profile of diffraction
effects obtained as a digital image are called Debye rings as shown in Fig.
3.10(b). Post-processing of the the Debye ring images enables a plot of inten-
sity vs. 2θ angles to be obtained.
In the ω scan, a 2θ angle is kept constant while the angle ω is varied. Since
the contribution in the diffracted beam ideally comes from regions within
the sample with well-defined lattice spacing, varying ω allows tilts in the
crystalline arrangements for a given lattice plane. The ω scan is referred to
as the "rocking curve" with the Full-Width Half-Maximum (FWHM) of its
peak used to evaluate the structural quality of epitaxial layers.
It is important to note here that unlike the grazing angle incidence con-
figuration (GIXRD), characterization of thin films using the Bragg-Brentano
geometery generally produces weak signals from the film with intense peak
from the substrate [18]. Additionally, the parafocussing optics used in the
Bragg-Brentano configuration causes the width of diffraction peaks to be-
come larger as a result of defocussing effects since the exposed area on the
sample surface is wider when tilted [160]. Other drawbacks associated with
the parafocussing Bragg-Brentano geometry include the requirement for very
precise alignment, with even slight errors leading to difficulties in deter-
mining crystal orientation. In fact, the Bragg-Brentano is suited for powder
50 Chapter 3. Film Deposition and Characterization Techniques
(b) Debye diffraction ring(a)
FIGURE 3.10: (a) Schematic of x-ray powder diffraction system
with the Bragg-Brentano measurement configuration (b) Typi-
cal Debye diffraction ring image obtained for ZnO film sample.
diffraction where it is expected that different orientations of crystallite in the
sample contribute to diffraction pattern.
A GIXRD configuration for thin films uses collimating optics to produce
an intense parallel beam. For diffraction measurement, a small incident beam
angle (typically between 1 − 5◦) is fixed while the angle between the inci-
dence beam and the diffracted beam (2θ) is varied. The small incidence an-
gle results in the path travelled by the x-ray to increase on the film surface
thereby reinforcing the diffraction pattern from the film while suppressing
effects from substrate. Also, in contrast to the Bragg-Brentano configura-
tion which probes only lattice planes aligned parallel to the surface, GIXRD
probes grains in all directions.
Post processing of the Debye ring diffractrograms was performed to ex-
tract diffraction angle and rocking curve information. A software called
CrysAlisPro was used for data analyses. Plots of intensity vs 2θ were gen-
erated by integration of pixel values in the Debye ring image along the 2θ
diffractions angles. The rocking curve analyses for a given diffraction peak
angle 2θ are obtained from the Debye ring image by binning and integrating
pixels enclosed by a thin mask centred at the peak in the azimuthal direction.
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3.4 Film thickness
The thickness of deposited film plays a major role in determining its proper-
ties. For microelectronic applications, film thickness needs to be precisely
controlled and reproducible. Some methods were used to determine the
thickness of the film samples presented in this thesis. The main methods
include the use of profilometer, profiling with the AFM, and thickness mea-
surement from optical interference extrema.
Profilometer
The stylus profilometer enables the thickness of the film sample to be found.
By etching off the film on an area of the film, a well-defined step edge pro-
duced from the etching process enables a direct thickness determination us-
ing the stylus profilometer such as one shown in Fig. 3.11. The profilometer
works by producing a vertical translation of the stylus due to surface varia-
tion when the stylus tip moves across a film surface. Thus, the etched region
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FIGURE 3.11: Graph showing a profilometer scan across the
stepped edge formed from etching process on ZnO film. The
film thickness was found to be 85 nm.
The deposited film sample is initially prepared for thickness determina-
tion by spin-coating the film with a photoresist (MicroChemical GmbH AZ
1518) and soft baking it at 96◦C for about 5 minutes to ensure that the pho-
toresist is dry and adheres to the film surface. As a positive photoresist, the
AZ 1518 becomes soluble in a chemical developer after being exposed to UV
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light. To selectively expose an area of the film to UV light, a quick photolitho-
graphic step was done with a photomask which effectively creates an area on
the film that is exposed to UV light and other areas masked from UV. After
UV exposure, immersion of the film in a chemical developer led to region
on the photoresist coating exposed to the UV light to become soluble thus,
exposing the underlying film. The film sample is then rinsed with deionized
water thereby leaving some film area coated with photoresist and the other
regions exposed. Dipping the sample in a solution of 1% hydrochloric acid
solution for about 1-2 seconds was sufficient in etching the uncoated and ex-
posed area of the film. Etching with HCl is so significantly fast that dipping a
film sample for a few seconds is sufficient to etch even very thick films. After
etching in HCl, the sample is rinsed and ultrasonically cleaned for 1 minute
each in acetone, methanol, and IPA to completely strip off all coating of pho-
toresist from the sample. Thereafter, the profilometer or AFM maps the step
edge profile created to find the thickness.
Optical Interference
When a fraction of the light that is transmitted through the film is internally
reflected before passing through the sample, a thin film interference occurs.
The interference fringe pattern is produced due to the back and forth bounc-
ing off the incident photons as it passes through the air-film-substrate inter-
face. The result is either a constructive (maxima) or destructive (minima)
interference effect on the film depending on the thickness and wavelength
of the incident light. For ZnO film samples, the interference effects are ob-
served as oscillations in the visible region on the spectral transmission curve.
The thickness of the film can be estimated through these fringes by using the





where λa and λb represent the wavelengths of two minima or maxima and
N is the number of fringes between λa and λb, na and nb are the refractive
indices of ZnO at wavelengths of λa and λb respectively. This method was
used to estimate the thickness of films with these fringes. A typical trans-
mission spectrum of the ZnO sample with an interference fringe is shown in
Fig. 3.12. Film thickness found by applying the method was ≈ 500nm. The
drawback of this method was that accuracy was limited due to ambiguity in
determining the exact position of the maxima or minima especially close to
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FIGURE 3.12: Transmission spectrum of a ZnO film sample
showing interference fringes. The envelop method was used
to estimate the thickness of the film using adjacent maxima.
the absorption edge. Moreover, the interference oscillation is observed for
films with thickness above 200 nm. Only a few ZnO film samples were thick
enough to allow for the envelope method as a routine method of finding film
thickness. The use of the method was limited to only a few samples.
3.5 Summary
The mist-CVD film deposition system is one of the variants of the gen-
eral CVD-based growth techniques. It allows the growth of ZnO and
other oxide films under the atmospheric conditions without the need
for a vacuum system and with safe precursor chemicals.
The deposition reactor in a mist-CVD technique can be of the hot wall
or fine channel types. The very narrow channel in the fine-channel type
enables improved uniform temperature distribution and ensures that
enough growth species are supplied by concentrating the vaporized gas
on the substrate.
There are two mechanisms available that explain the process of mist
formation by ultrasound pulses - capillary wave model and cavitation.
The well-accepted theory is the combination of both effects leading to
mist formation.
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Techniques utilized to study mist-CVD deposited ZnO films include the
AFM for surface morphology, UV-Vis transmission and photolumines-
cence spectroscopy for optical characterization and Hall effect measure-
ments for electrical studies. Crystalline properties were investigated
using XRD while film thickness was determined with a profilometer
after etching to form step edge on film sample.
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Chapter 4
Mist-CVD growth of ZnO thin
films
4.1 Introduction
This chapter presents the results of morphological and electrical characteri-
zation undertaken on mist-CVD deposited films. In particular, the chapter
describes the use of aqueous ammonia as a precursor solvent. There is a dis-
cussion on the growth of ZnO films using a novel growth recipe which has
not been reported previously. Aqueous ammonia serving as a precursor sol-
vent eliminates some of the shortfalls associated with the use of volatile or-
ganic solvents such as methanol, acetone or IPA widely reported as solvents
in the mist CVD growth of ZnO films. A safer recipe that does not comprise
of volatile organic solvent in the growth of ZnO films has promising merits in
terms of safety and applicability for high temperature growth of ZnO films.
There is a discussion on the surface structure of ZnO films examined
through AFM in addition to the effects of some growth parameters such as
precursor concentration and growth temperature. The results of electrical
and crystalline properties of films studied through room temperature Hall
effect measurement and x-ray diffraction (XRD) are discussed.
4.2 ZnO film Structure
The structure and morphology of a deposited film on a substrate is an im-
portant determining factor in its physical properties. Film morphology is af-
fected by surface diffusion which is in turn controlled by factors such as sub-
strate temperature, the partial pressure of gases and the overall total pressure
of the system.
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Generally, the structure of a deposited layer can be considered to be one
of three types - epitaxial, amorphous or polycrystalline. A layer of film is
considered epitaxial if it is a defect-free single crystal of a material deposited
on the same material as substrate (homo-epitaxy) or on a different substrate
(hetero-epitaxy). Epitaxial growth is in itself difficult and ideally occurs at
high growth temperature and requires the substrate to be free from defects
and other surface contaminants. Even for thin-film growth which may be
considered epitaxial, it is often common for point defects and dislocations
to be present in films [106]. Epitaxial growth of film is characterized by
low growth rates to allow for the adsorbed species to move to low energy
sites and mimic the surface structure of the underlying substrate. Epitaxial
growth of film may be desirable in certain areas of application. For example,
epitaxial layers of hafnium oxide or perovskite materials are more suitable
in semiconductor applications in ferroelectric memory system, a form of ran-
dom access memory technology with similar functionality as flash memory
devices [200].
The amorphous type of film deposition typically occurs at low temper-
atures with a high growth rate leading to slow surface diffusion relative to
the incoming precursor flux. For amorphous film nucleation, any form of
crystallinity is prevented by the high number of the growth species such that
after coalescence of the film, non-oriented grains with a complete absence of
crystallinity are obtained [156]. Amorphous silicon is applied in solar cells
and in thin film transistors for LCD displays.
In between the epitaxial and amorphous growth is the polycrystalline film
structure. Polycrystalline films typically occur at intermediate temperatures
forming islands of coalesced growth species with random orientation across
the substrate. Polycrystalline films can be obtained more easily than epitax-
ial growths [156]. Polycrystalline semiconductor thin films find applications
as conducting elements in circuits and devices as well as active conducting
channel in thin film transistors, solar cells and detectors [214].
4.3 Substrate
It is common to find various works on epitaxial or polycrystalline ZnO films
grown on c-plane (0001) sapphire substrates. Most of the growths report a
polar c-axis oriented ZnO films as the preferred growth orientation, having
an in-plane epitaxial relationship with (0001) sapphire substrate and other
crystals of similar orientation e.g. (0001) CaF2, (0001) LiNbO3 [94]. However,
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the microscopic field generated along the growth direction leads to polariza-
tion induced electric fields with the undesirable consequence for optoelec-
tronic devices such as the reduction in the overlapping of electron and hole
wave function and decrease in quantum efficiencies [77]. To eliminate the
effects of polarization on ZnO, it is often advantageous to grow films with
no polarization in the growth direction especially for optical and electronic
devices. Several studies are reported on non-polar m-plane [122, 111] and a-
plane ZnO film [69, 101] deposited on sapphire substrates mostly by MOCVD
and molecular beam epitaxy. Obtaining (101̄0) m-plane ZnO film is reported
to be difficult with effects from other planes such as (101̄3), (0002) and (112̄2)
included as minor planes during growth [43]. The choice of r-plane sapphire
(11̄02) substrate for majority of ZnO film samples as presented in this thesis
stems from the above mentioned reasons. Additionally, sapphire substrates
are relatively cheap, electrically insulating and transparent across the visi-
ble and near UV region with a bandgap of 9.9 eV. Another reason for the
choice of the r-plane sapphire substrates is because, as discussed in section
4.6.3, smoother surface morphology with reduced roughness were obtained
for ZnO films deposited on r-plane sapphire compared with c-plane sapphire
substrates for depositions done in the same condition. Further, as explained
above, a non-polar ZnO film is desirable for fabricating electronic devices
since polarity effects that may degrade device performance are eliminated.
The chosen substrate has important implications in the growth process.
Ideally, a homoepitaxial growth of the ZnO film of the desired crystal orien-
tation on a ZnO substrate should be the best choice to obtain epitaxial films
without substrate-induced strain. Single crystal ZnO wafers are however
quite expensive with other issues such as possible damage to the surface dur-
ing polishing [31] and migration of impurities from the substrate to the film
during growth [146]. Growth of ZnO film on a substrate that is not ZnO im-
plies a level of strain on the deposited film due to lattice mismatch between
the substrate and a the film.
4.4 Novel Growth Recipe
One of the key aspects of the research was to investigate a safe precursor
recipe applicable to mist-CVD growth of ZnO that does not rely on the use
of organic solvents such as acetone, methanol or IPA. Many of the reports
on ZnO related growth with mist-CVD have used precursor made of zinc
acetate, zinc acetylacetonate or zinc chloride dissolved in pure methanol [97,
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96], methanol-water mixture at 9:1 ratio [201], acetone-water mixture [176]
or pure IPA [102]. In a few research works that used deionized water as the
solvent, a low growth rate was reported [104]. Film uniformity is degraded
by grains that are not dense and continuous across the substrate with optical
characteristics from photoluminescence spectroscopy showing strong defect
band in the crystal [42].
The dependence on organic solvents for reliable ZnO film nucleation on
a substrate presents a risk of explosion and flammability since most organic
solvents are volatile and flammable and may not be practical especially in an
industrial scale with a need for high throughput. For instance, methanol has
a flash point temperature of 12◦C and an auto-ignition temperature of 385◦C
[148] which poses a serious fire risk at even moderate growth temperatures.
Likewise, development of a growth recipe free from volatile organic solvent
with desirable surface morphology, electrical and crystalline properties will
be of interest for upscaling and industrial applications in terms of safety.
Based on experimental trials, a growth recipe for mist-CVD ZnO films
that does not require a volatile organic solvent, was found in the course of
my research. Unlike the attempt of Kawahamura [104] where an improved
growth rate was achieved using methyl acetate in place of water, we found
out that diluted aqueous ammonia provides key advantages both in atomiza-
tion of liquid precursor and in the crystallization of ZnO. Apart from some
mild reactions such as irritation to the skin and eyes, the handling and ex-
posure to aqueous ammonia do not pose any serious medical health risk.
Besides, proper protection in the form of a fume hood/extraction fan is used
in a mist-CVD system to avoid any exposure. Aqueous ammonia of approx-
imately 30% concentration by volume is rated with a slight flammability risk
and is not absorbed through the skin. Further dilution with de-ionized wa-
ter almost removes any risk of flammability. The use of aqueous ammonia
instead of the commonly used organic solvent could allow for industrial and
large scale mist-CVD facility without risking safety and potential risks to ex-
plosions associated with organic solvents. The next section discusses the role
of aqueous ammonia in the mist-CVD growth of ZnO films.
4.4.1 Role of Ammonia
Ammonia was found to play an important role in the entire mist-CVD growth
deposition process. There are two key contributions of aqueous ammonia in
the growth process of ZnO films using the mist-CVD technique. Based on
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visual assessment, aqueous ammonia is found to significantly improve the
atomization of the precursor solution even for solutions with a high concen-
tration of zinc acetate compared to deionized water. An illustration is seen
in Fig. 4.1 which compares ultrasonic atomization of 0.1 M concentration
of zinc acetate dehydrate dissolved in (a) de-ionized water and (b) aqueous
ammonia. It is observed that atomization did not occur in the solution with
deionized water as a solvent when subjected to ultrasonic pulses for 10 min-
utes. An explanation for the difference is that atomization of the precursor
solution is dependent on its physical properties such a density, viscosity and
surface tension in addition to the frequency and intensity of the ultrasound
pulses. Increase in the concentration of zinc acetate in the solution leads to an
increase in its density. A high density precursor solution reduces the capacity
of the ultrasonic pulses to form mist out of the solution. A precursor solu-
tion that contains aqueous ammonia instead of only deionized water has the
improved capacity to form mist particles by ultrasonic atomization due to re-
duction in the surface tension and density of the liquid solution[112]. Thus,
aqueous ammonia as a solvent provides the means to atomize precursor so-
lutions with high concentration of zinc acetate salt which may normally be
impractical with deionized water only. Further, aqueous ammonia has also
been noted to act as surfactants in the MOCVD growth of ZnO [22]. It was
observed that with deionized water as solvent, atomization and mist forma-
tion from precursor concentration of 0.05 M and above is mostly impractical.
Fountains without mist formation Efficient formation of mist
(a) Deionized water only (b) Deionized water + 
aqueous ammonia
FIGURE 4.1: Photographic images showing 0.1 M precursor so-
lution of zinc acetate dihydrate dissolved in (a) deionized wa-
ter and (b) deionized water and aqueous ammonia mixture (5%
v/vol ) after 10 minutes of atomization.
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Another important benefit of using aqueous ammonia is in the crystal-
lization process of ZnO. It has been reported that aqueous ammonia allows
for a fast, low energy reaction in the dissociation of complex zinc amines (dis-
cussed in section. 6.4 ) and further dehydration that leads to the formation
of crystallized ZnO [99]. Furthermore, Zn2+ acting like other Lewis acids
readily forms amine complexes with ammonia in an aqueous environment.
Ammonia is particularly different from other nitrogen-based ligands by its
volatility and ability to form reactive and transient chemical species, allow-
ing low temperature and rapid decomposition process to form ZnO [150].
This benefit is supported in the pH dependence growth of ZnO films where
a dramatic increase in growth rate was observed when aqueous ammonia is
used as a solvent. A low growth rate was noticed when only de-ionized wa-
ter was used as a precursor solvent, an observation that has been confirmed
by other researchers [104].
It was found from my work that with aqueous ammonia as the solvent,
zinc acetate dihydrate as the zinc source and the precursor solution at a ba-
sic pH, dense and uniform ZnO films were deposited on various substrates.
Oxygen gas was used as both the carrier and dilution gas for all growths
of ZnO films. The use of oxygen gas was necessitated by the report of Bur-
gett et al. [22] which suggests that the three excess hydrogen atoms available
with the dissociation of ammonia tend to become trapped in the crystalline
structure of ZnO. Hydrogen atoms can potentially passivate the electrical ac-
tivity in many deep level defects and impurity states as well as surface dan-
gling bonds [181]. Another reason for the use of oxygen gas flow during the
growth process is to compensate for the excess nitrogen and reduce oxygen
vacancies.
4.5 ZnO film crystallization
All of the ZnO films presented in this thesis were grown with zinc acetate dis-
solved in aqueous ammonia solution. One important parameter that controls
the growth of ZnO film is the volume of aqueous ammonia present in pre-
cursor solution which in turn determines the pH of the precursor. We outline
the supposed chemical interaction routes in a mist-CVD process that results
in the crystallization of ZnO via zinc acetate dissolved in aqueous ammonia
solution.
Equations 4.1 - 4.3 describe the hydrolysis of ammonia and the dissocia-
tion of zinc acetate dehydrate in the presence of deionized water. In aqueous
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solution, zinc acetate dehydrate dissociates to zinc ions, Zn2+ and acetate
ions, CH3COO−. Further hydrolysis of the acetate ions produces OH− ions
as shown in reaction Eqn. 4.3.
NH3 + H2O←→ NH+4 + OH
− (4.1)
Zn(CH3COO)2 → 2CH3COO− + Zn2+ (4.2)
CH3COO− + H2O→ OH− + CH3COOH (4.3)
The reaction of Zn2+ ions with NH+4 and OH
− results in the formation of
zinc amine complexes such as tetra-aminezincate ions Zn(NH3)2+n , zinc hy-
droxide Zn(OH)2 or tetra-hydroxozincate ions Zn(OH)2+4 as shown in the
reactions of Eqns. 4.4 - 4.6. These zinc amine complexes are considered ZnO
intermediates since they are important components in transforming to ZnO
structures.
Zn2+ + 2OH− → Zn(OH)2 (4.4)
Zn2+ + 4OH− → Zn(OH)2−4 (4.5)
Zn2+ + 4NH+4 → [Zn(NH3)4]
2+ (4.6)
These intermediate zinc-amine complexes undergo further reactions leading
to crystallization and nucleation of ZnO. The reaction between [Zn(NH3)4]2+
complex amine with OH− yields ZnO. Additionally, dehydration of zinc hy-
droxide Zn(OH)2 leads to the formation and crystallization of ZnO nuclei
based on reaction Eqns. 4.7 - 4.9.
[Zn(NH3)4]2+ + 2OH− → ZnO + 4NH3 + H2O (4.7)
Zn(OH)2−4 → ZnO + H2O + 2OH
− (4.8)
Zn(OH)2 → ZnO + H2O (4.9)
The stability of these complexes is dependent on the pH and tempera-
ture of the solution [227]. The chemical reactions above that describe the
crystallization of ZnO, are based on various reviews of different works on
the formation of ZnO from sol-gel and other wet chemical methods that uti-
lized zinc acetate. Although a proposed chemical reaction route taking place
has been outlined, it will be necessary to mention that the formation of ZnO
from aqueous solution is a complex reaction process. Many complex cationic
species can be formed from the reaction between Zn2+ and OH−, and is de-
pendent on the pH, temperature and method of growth [195]. A complete
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understanding of the exact chemical reactions and the exact complex amine
specie that leads to the crystallization of ZnO may require advanced chemical
analyses which may be superfluous as to the goal of this research. However,
the proposed zinc amine mediated chemical route where zinc amine com-
plexes play a key role as ZnO intermediates is the most reasonable reaction
mechanism taking place in the reaction process. It is typical to find chemical
reactions describing the formation of ZnO nanostructures in alkaline solution
of zinc acetate using Zn(OH)2 and Zn(OH)24 amine mediated growth units.
This hypothesis is strongly supported in the report of Park et al. [177].
Our experimental results show that ZnO film is formed even with mod-
erate addition of aqueous ammonia in deionized water. Our attempt to grow
ZnO with only water as solvent at low concentration did not yield practicable
result as the growth rate was too low. Conversely, an attempt to grow with
water only solution at a higher concentration of zinc acetate in solution was
not practical as an increased precursor density at high concentration limited
to a large extent the capacity to atomize the liquid precursor via ultrasound,
with no films deposited.
4.6 Results/Discussion
Growth of thin layers of ZnO was successfully deposited on substrates in-
cluding sapphire and amorphous quartz. Film deposition was typically done
on a 10 mm × 10 mm area. For characterization techniques such as Hall ef-
fect measurements or photolithography for device fabrication, the deposited
ZnO film sample is usually diced using a wafer saw to 5 mm × 5 mm sam-
ples. A standard deposition condition for the growth of ZnO film is shown
in Table 4.1. The pH of the aqueous ammonia solution measured before the





Precursor pH (aqueous ammonia) 12.60 ±0.05
Flow rate 10 lit/min (carrier + dilution)
addition of zinc acetate salt was kept constant for all growths presented in
this thesis. Some of the properties of deposited ZnO films and the effect of
growth parameters are discussed next.
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4.6.1 Growth rate and film thickness
There are basically three key factors that affect the growth rate of ZnO films -
deposition temperature, precursor concentration and pH. Initial experimen-
tal investigations were carried out to determine optimal conditions for the
growth of ZnO films. The effect of temperature on growth rate was initially
carried out by depositing ZnO films on r-plane sapphire substrates at dif-
ferent growth temperatures. Variation in the growth rate as a function of
deposition temperature is shown in Fig. 4.2(a). Growth rate was maximum
for a sample grown at a temperature of 300◦C. The average growth rate was
determined to be 3 nm/min at 300◦C which reduced to 1.2 nm/min at 400◦C
and eventually increases to 2.4 nm/min at a substrate temperature of 550◦C.
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FIGURE 4.2: (a) Graph showing the variation of growth rate
with substrate temperature from 300 - 550◦C at a concentration
of 0.05 mol/L (b) Variation of growth rate at varying precursor
concentration.
not being sufficient for a complete precursor decomposition. Film nucleation
with incomplete vaporization of mist droplets is characterized by the forma-
tion of unstable vapor, deposition of precursor molecule, wetting of substrate
and a resultant formation of thick layers of inhomogeneous film on the sub-
strate [169]. These factors contribute to degradation of film nucleation and
quality. Additionally, as represented in the plot of Fig. 4.2(b), increase in pre-
cursor concentration results in higher growth rate due to increased amount
of growth species available for nucleation.
The plots in Fig. 4.2 represent results of initial experimental trial with the
aim of finding optimal growth temperature and concentration that will yield
good quality films. However, experimental uncertainties which can be esti-
mated by performing the repeated experiments are not taken into account.
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FIGURE 4.3: Plot showing the variation of film thickness with
growth time for ZnO films grown at 500◦C at different concen-
tration of precursor solution.
Also, measurement uncertainties in finding the thickness of film by etching
and measuring a step edge profile across the film is not represented in the
plot.
An attempt to deposit ZnO film below a growth temperature of 300◦C
was not investigated, since, the characteristics of film sample grown at 300◦C
are degraded in film quality. For the stated reasons arising from the decom-
position temperature of zinc acetate, it is reasonable to conclude that growth
of ZnO films below 300◦C using our mist-CVD system and recipe is unlikely
to yield films of improved quality.
A scatter plot of film thickness vs. growth time at a varying concentration
of precursor solution is shown in Fig. 4.3. As expected, both the growth time
and precursor concentration are found to increase the thickness of films de-
posited on the substrate. The plot shows a non-linear relationship between
film thickness and precursor concentration. For instance, doubling the con-
centration from 0.05 mol/L to 0.1 mol/L increased film thickness from about
105nm to 260 nm for film samples grown for 40 mins duration. Similar non-
linear trend in growth rate with precursor concentration is observed for films
grown for 80 mins. This observation may be explained by the rapid nucle-
ation at higher concentration due to increased growth species. The growth
rate at 0.01 mol/L was very small and was not included in the plot.
Another important factor that affects the growth rate of films is the pH of
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FIGURE 4.4: Variation in growth rate of ZnO films deposited at
500◦C for precursors made of deionized water only and aque-
ous ammonia at different concentrations.
and makes the precursor solution more alkaline. The more aqueous ammo-
nia in solution, more OH− and NH+4 ions are available for the formation of
ZnO based on the reaction equations outlined in the previous section. The
initial preliminary investigation was undertaken to find the optimal pH for
the growth of ZnO films using the mist-CVD system. ZnO films were grown
at a precursor concentration of 0.03 mol/L on a sapphire substrate. The con-
centration of aqueous ammonia in the precursor solution was varied between
5% - 35 % (v/v%). Growth was also done with only deionized water as a sol-
vent. By indirectly varying the pH of precursor by the fractional volume
of aqueous ammonia in solution, an optimal pH was found for the precur-
sor which gave the maximum growth rate. These experimental findings were
carried out at the initial stages of the research project, aimed at finding an op-
timal growth condition for subsequent growth of films. As shown in Fig. 4.4,
there was a dramatic improvement in the growth rate with the use of aque-
ous ammonia as a solvent compared with deionized water only. Growth rate
of between 1.25 nm/min to 1.7 nm/min was achieved at 5% - 35 % (volume
percent) of aqueous ammonia in precursor concentration. For consistency
and reproducibility, a calibrated pH meter was used to measure the pH of
a ∼ 15% precursor solution which gave a pH value of 12.60±0.05. This pH
was maintained for later growths of ZnO films reported in this thesis.
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4.6.2 Crystalline Properties
The θ-2θ XRD patterns for ZnO films grown on r-plane, c-plane, and a-plane
sapphire substrates are shown in Fig 4.6. For the film sample grown on r-
plane sapphire substrate, the two prominent peaks in the pattern are from
the Al2O3(202̄4) sapphire substrate and ZnO(112̄0) peak centered at 2θ angle
of 56.64◦, indicating preferred growth of non-polar a-plane ZnO film with
an orientation relationship of (112̄0)ZnO // (101̄2)sapphire. An illustration of
atomic arrangement of a-plane ZnO surface and r-plane sapphire substrate is
shown in Fig. 4.5. From the schematic diagram, the lattice mismatch consid-
ering the in-plane translational periodicity along the m-direction [11̄00]ZnO
and c-direction [0001]ZnO is 18.3% and 1.55% respectively. This small lattice
mismatch along the c-direction is attributed to the elongated grain morphol-
ogy and formation of striation along the c-axis ZnO[0001] direction [172] for
ZnO films grown on r-plane sapphire (see section 4.6.3). The diagram on
the right side of Fig. 4.5 shows a more intuitive orientation of a-plane ZnO
with respect to r-plane sapphire substrate. This observed preferential growth
orientation agrees with other reports of ZnO films deposited on r-plane sap-
phire which tends to have a preferential a-axis orientation [77, 43].
FIGURE 4.5: Schematic representation of surfaces of a-plane
ZnO and r-plane sapphire substrate with rectangles indicating
the surface unit cell and associated in-plane lattice parameters.
For film depositions on c-plane substrates, the intensity of the ZnO(0002)
peak centered at a 2θ diffraction angle of 34.42◦ dominates that from the sap-
phire substrate. The relatively strong ZnO(0002) peak indicates that the pre-
ferred growth orientation is the c-axis. These results are consistent with sev-
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FIGURE 4.6: X-ray diffraction pattern for ZnO films deposited
on sapphire substrates of different crystallographic planes.
films for growths on a c-plane sapphire substrate. A schematic diagram il-
lustrating atomic positions for ZnO growth on c-plane sapphire substrate is
shown in Fig. 4.7.
The lattice mismatch existing between ZnO and the underlying c-plane
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FIGURE 4.7: Schematic diagram showing atomic arrangement
of basal ZnO[0001] oriented film grown on c-plane (0001) sap-
phire substrate with their epitaxial relationship. The dashed
and solid lines represent the boundaries of sapphire and ZnO
unit cells respectively [174].
FIGURE 4.8: Schematic diagram showing atomic arrangement
of basal ZnO[0001] oriented film grown on a-plane (112̄0) sap-
phire. The lattice parameter a of ZnO is almost 1/4th of c lattice
parameter of sapphire with a mismatch of less than 0.08% [174].
sapphire substrate is as high as 32% which can be reduced to 18.4% with in-
plane 30◦ rotation. Despite the reduction in lattice mismatch with the under-
lying sapphire, there is a possibility that this causes as-grown ZnO to have
high mosaicity and low carrier mobilities, thereby limiting applications of
ZnO[0001] oriented ZnO for optoelectronic applications [172].
The presence of ZnO(0004) diffraction peak at 2θ angle of 72.50◦ sec-
ondary to the ZnO(0002) direction indicates that good quality crystal can
be achieved even with this cost-effective growth method. There is an ob-
servable poly-crystallinity with diffraction peaks from the ZnO(101̄1) shown
on the spectrum, though with diminished intensity. It is of note that (101̄1)
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FIGURE 4.9: Diffraction pattern of ZnO films of various thick-
nesses deposited on r-plane sapphire substrate. Vertical offset
is applied to y-axis for for clarity. Inset - Changes in FWHM for
ZnO(112̄0) peak with increase in film thickness.
simultaneously observable alongside a ZnO(0002) peak in some ZnO films
with c-axis growth orientation [184]. Some contributing factors associated
with the presence of (101̄1) peak in ZnO nanostructures with normally (0002)
preferred growth orientation include low substrate temperature [252] and
stress on films [6].
Growth on a-plane sapphire shown in Fig. 4.6 has two main peaks orig-
inating from the film. On the XRD pattern, reflection peaks from ZnO(0002)
and ZnO(101̄1) are observed with comparable intensities. Our XRD pattern
is almost similar to the observation reported by Xie et al. [242] on epitaxial
ZnO film deposited on a-plane sapphire using chemical vapour deposition
technique. As illustrated in the schematic diagram in Fig. 4.8, a prominent
c-axis orientated ZnO film on a-plane sapphire substrate is based on the back-
ground that a 4-fold of a lattice constant in ZnO (4 × 3.249 Å= 12.996 Å) fits
perfectly to the c lattice constant of sapphire (c = 12.99 Å) with a mismatch
of less than 0.08% at room temperature. This small mismatch is behind the
expected preferential growth of c-axis orientated ZnO film on an a-plane sap-
phire substrate. The additional (101̄1) peak is commonly observed for ZnO
films and nanowires grown on a-plane sapphire substrate [231, 197, 242].
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Temp: 450 ° C
FWHM: 1.95○
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Variation of rocking curve for ZnO (1120) peak with growth temperature
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FIGURE 4.10: Rocking curve analyses for the ZnO (112̄0)
diffraction peak showing decrease in the FWHM as growth
temperature increases. Thickness of film samples is approxi-
mately 80 - 100 nm.
A plot of θ-2θ diffraction pattern for ZnO films of different thicknesses
deposited on r-plane sapphire substrates is shown in Fig. 4.9. The plots show
that the relative intensity of the ZnO(112̄0) diffraction peak becomes higher
as the film thickness increases. Similarly, there is reduction in broadening
profile from ZnO(112̄0) peak with increase in the thickness of film. The inset
plot shows the instrument dependent FWHM of a 15 nm thick film to be 1.3 ◦
which reduced to 0.8 ◦ for a film of 260 nm thickness. There is no noticeable
shift in the 2θ diffraction angle with changes in the film thickness.
Rocking curve analyses performed on the ZnO(112̄0) peak at different
growth temperatures shown in Fig. 4.10 indicate an improvement in the crys-
talline properties of films at higher growth temperatures with the narrowing
of the peaks when growth temperature increased. The lowest FWHM was
obtained for the film deposited at 550◦C whereas, for the film sample de-
posited at 300◦C, the FWHM was about two times that of 550◦C growth tem-
perature.
ZnO being a hexagonal structure with inter-planer distance dhkl is related

















The ZnO(0002) diffraction peak centred at a 2θ angle of 34.42◦ and ZnO(112̄0)
peak at a 2θ angle of 56.5◦ are used to calculate the c and a lattice parameters
using the relation λ/ sin θ, derived from Eqn. 4.10. The c lattice constant was
found to be 5.207 Å which is close to the reported value 5.213 Å for the bulk
ZnO [173]. Similarly, calculated a lattice constant gave a value of a = 3.254Å,
very close to the a lattice constant of 3.252 Å for the bulk.
The XRD analyses also provide a way to evaluate the the crystallite size
using the peak broadening of the diffraction peaks. Diffraction peak broad-
ening is determined by both the contributions of the instrument and crys-
talline structure of the sample. The instrument corrected structural broaden-
ing arising from the sample is estimated using the relation [188],
βf = (β
2
h − β2g)1/2 (4.11)
where the subscripts f, h and g represent the structural, measured and instru-
mental broadening profiles respectively, quantified as FWHM of diffraction
peaks. A standard peak from the sapphire substrate was used to represent
the broadening effect from the instrument.
The average crystallite size was calculated from ZnO(112̄0) peak using





where D is the average crystallite size, K is the shape factor that is close to
unity with value typically taken as 0.9, λ is the wavelength of incident x-ray
(1.540 Å), and θ is the Bragg angle. The average crystallite size for a 15 nm
thick film is found to be D ∼15 nm while for a film with thickness of 380 nm,
average crystallite size is approximately 19 nm and monotonically increases
with film thickness.
It is of note that the Scherrer relation in Eq. 4.12 assumes that the peak
broadening in the XRD pattern results only from the size of the particles.
Additionally, peak broadening can arise due to the strain ε induced by crystal





If strain-induced contribution to line broadening is considered, the observed




+ 4ε tan θ (4.14)
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which is rearranged to be in the form
βf cos θ =
Kλ
D
+ 4ε sin θ (4.15)
The above relation is Williamson-Hall equation [157] where a plot of βf cos θ
against 4sin θ for all diffraction peaks is used to find the crystallite size and
strain from the intercept and slope respectively. Williamson-Hall analyses
can be applied to powder sample or polycrystalline films with multiple growth
orientations in the diffraction peak pattern which will allow sufficient data
points for a linear fitting. However, this model may not apply to the XRD pat-
terns of film samples represented in Fig. 4.9 since growth is preferential along
a particular crystalline direction with only a single diffraction peak from the
film. If the contribution to the peak broadening due to strain is considered, it
can be inferred that strain is reduced with an increase in film thickness.
4.6.3 Film Surface Morphology
The surface morphology of deposited thin films of ZnO was studied us-
ing AFM. The variation in the surface morphology of films with thickness
ranging between 80 nm - 100 nm deposited at growth temperatures from
300 - 550◦C is shown in Fig. 4.11. For a film sample deposited at 300◦C,
it appears that the film was not compact with no well-defined grains and
possibly of some residue on the substrate. A probable reason for such film
morphology at 300◦C is an incomplete thermal decomposition of the precur-
sor solution or the intermediate products which may have caused wetting
and deposition of precursor residue. Film surface topography improved at
a growth temperature of 400◦C with Rrms = 2.4 nm. As growth temperature
increases up to 500◦C, agglomeration of multiple grains into elongated struc-
tures is observed with increased surface roughness of films up to Rrms = 3.7
nm at 550◦C. The average grain size of 58 nm was found for film grown at
550◦C with each grain delineated through a threshold algorithm available
with Gwyddion [73].
The growth rate and surface roughness were maximum for the sample
grown at 300◦C which is also attributed to the fact that incomplete decompo-
sition, wetting of substrate and other factors associated with the formation of
unstable vapor at this temperature contributed to degrading the film quality.
In terms of electrical properties as shown in table 4.2, the sample deposited at
300◦C was the most resistive ZnO film sample among other samples of sim-
ilar thickness grown at a higher temperature. The marked difference in film
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300 ℃
Rrms = 8.7 nm
400 ℃
Rrms = 2.9 nm
500 ℃
Rrms = 2.4 nm
Rrms = 3.7 nm
550 ℃
FIGURE 4.11: Surface morphology of ZnO film samples ap-
proximately between 80 - 100 nm in thickness deposited with a
precursor concentration of 0.05 mol/L at different growth tem-
peratures.
surface morphology for film sample grown at 300◦C and others deposited at
higher temperatures agrees with several reports on thermogravimetric anal-
yses of zinc acetate which show that formation of ZnO occurs from a decom-
position temperature of ∼315◦C and above [202].
An investigation of how the concentration of precursor solution affects
the surface morphology of ZnO films deposited at 500◦C is shown in Fig.
4.12. It is observed that the grains were deposited uniformly on the sub-
strates at different concentrations investigated. It is also observed that the
grains for growth at a relatively low concentration of 0.01 mol/L were well-
defined and isolated. As the concentration of the precursor increases, the
grains increasingly become coalesced together into larger grains and elon-
gated as observed for growths done at concentration of 0.05 - 0.15 mol/L.
With an increase in precursor concentration, the number of growth species
that leads to film nucleation increases as well as the electrostatic interac-
tions raising the probability of forming larger grains [48]. At low precursor
concentration, the relatively reduced amount of growth species gives time
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0.01 mol/L
Rrms = 4.5 nm
0.03 mol/L
Rrms = 4.8 nm
0.05 mol/L
Rrms = 3.0 nm Rrms = 2.5 nm
Rrms = 3.5 nm
0.15 mol/L
0.1 mol/L
FIGURE 4.12: Variation of surface morphology for ZnO films
with thickness ranging between 45 - 65 nm deposited at 500◦C
with varying precursor concentration on r-plane sapphire.
for complete nucleation before the arrival of subsequent species. However,
at higher precursor concentration, high amount of growth species available
for nucleation entails that there is less time for subsequent arrival of growth
species leading to agglomeration of the grains.
Surface morphologies of ZnO films grown on r-plane sapphire substrates
at a precursor concentration of 0.1 mol/L at 500◦C for varying growth times
are shown in Fig. 4.13. Growths on r-plane sapphire substrate at 5 mins du-
ration show that at the onset of film growth, coverage across the substrate
was uniform with grains coalesced together to form elongated grains. As
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5 min
Surface morphology of ZnO films on r-plane sapphire substrate
10 min
20 min 40 min
Rrms =  2.2 nm Rrms =  2.5 nm
Rrms =  3.6 nm Rrms =  4.3 nm
FIGURE 4.13: Surface morphology of ZnO film samples de-
posited at a growth temperature of 500◦C and concentration of
0.1 mol/L on r-plane sapphire substrates at different growth
times.
the thickness of films increases with longer growth times, the amalgamation
of grain structures become more noticeable and aligns diagonally in the c-
axis direction ZnO[0001] along with atomic steps of r-plane sapphire. The
existence of such atomic steps has been observed on a bare r-plane sapphire
substrate [32]. Similar anisotropic morphology with strips elongated along
the c-axis is reported for non-polar ZnO films grown on r-plane sapphire
substrate [43]. Film roughness increases with increase in growth time and
resultant increase in thickness. Analyses of AFM images for surface rough-
ness show that ZnO films deposited on r-plane sapphire for 5 min has Rrms
= 2.2 nm, and Rrms = 2.5 nm for a 10 mins growth time. Roughness increased
further to Rrms = 3.6 nm for 20 mins and Rrms = 4.3 nm for 40 mins deposition
times.
Surface morphology for ZnO films grown on c-plane sapphire substrates
as shown in Fig. 4.14 differ with r-plane sapphire substrates both in surface
roughness and film structure. At the onset of growth as depicted in the 5
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5 min
Surface morphology of ZnO films on c-plane sapphire substrate
10 min
20 min 40 min
Rrms = 5.0 nm Rrms =  5.5 nm
Rrms =  9.6 nm Rrms =  44.0 nm
FIGURE 4.14: Surface morphology of ZnO film samples de-
posited at growth temperature of 500◦C with 0.1 mol/L pre-
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FIGURE 4.15: Variation in surface roughness with growth time
for ZnO films grown on c-plane and r-plane sapphire sub-
strates.
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mins growth duration, dense and spherically shaped grains uniformly cover
the surface of the substrate. These grains increased in size but unlike films on
r-plane sapphire, are still isolated from each other as the growth duration and
film thickness increases. With further increase in growth time and thickness,
the film topography evolved from having dense isolated grains to having
unique shape of nanostructure as shown for a 40 growth sample. Surface
roughness for ZnO films grown on c-plane sapphire is Rrms = 5.0 nm for a 5
mins growth which increases to Rrms = 44 nm for sample grown for 40 mins.
A comparison in the surface roughness of ZnO films deposited on c-plane
and r-plane sapphire substrates at different growth times is shown in Fig.
4.15.
In addition to not having any amalgamation of grains elongated in a given
direction, surface roughness for films on c-plane sapphire substrates is sub-
stantially different from r-plane substrate, with films generally smoother on
r-plane substrate. There are only a few articles that compare morphological
properties of ZnO films deposited on different crystallographic orientations
of sapphire substrate. Interestingly, improved morphological smoothness of
ZnO films deposited on r-plane sapphire is similar to the results obtained by
Lee et al. [128]. In the report, atomic layer epitaxy was used to deposit 375
nm thick ZnO film on r-plane and c-plane sapphire substrates. Assessment
of roughness showed that Rrms = 12.36 nm for ZnO film on r-plane sapphire
substrate and Rrms = 30.94 nm for film grown on c-plane substrate. The vari-
ation in roughness may be associated with difference in surface energy. For
growth on c-plane sapphire substrate, the polar nature of ZnO terminated by
the basal plane of opposite charges has a net dipole moment which causes the
surface energy to diverge [69, 128]. Thus the non-polar r-plane and m-plane
ZnO film have a lower surface energy compared to the basal c-plane oriented
films. This results in columnar morphology with relatively increased rough-
ness for films grown on c-plane sapphire substrate [69].
4.6.4 Growth on amorphous quartz substrate
Growth of ZnO film was also performed on an amorphous quartz substrate
at a deposition temperature of 500◦C. The AFM micrograph of the surface
of the ZnO film with a thickness of 120 nm deposited on quartz substrate is
shown in Fig. 4.16. Film roughness with Rrms = 13.8 nm was significantly
higher for the growth on quartz substrate relative to a film grown on the
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FIGURE 4.16: Surface morphology of ZnO film sample grown
on amorphous quartz with its XRD pattern showing the pres-
ence of amorphous and crystalline compositions in the film.
r-plane sapphire of comparable thickness. The grains on the film are dis-
tinct and well defined with average grain size calculated to be 49 nm using
the delineation by threshold approach available with the Gwyddion software
analyses [73].
XRD analyses show the film to be polycrystalline in texture, depicted as
several distinct diffraction peaks from different lattice planes. These multi-
ple growth orientations of ZnO film are superimposed on a broad diffrac-
tion peak most likely originating from the amorphous quartz. In contrast to
sapphire substrates, the surface of an amorphous quartz substrate does not
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provide nucleation template for the preferential orientation of thin film dur-
ing growth, hence no epitaxial relationship exists between the substrate and
deposited film.
4.6.5 Film Uniformity
Among the reported limitations of other cost-effective growth techniques
such as spin coating and spray pyrolysis is the non-uniformity of films de-
posited with these methods. Film porosity and non-uniformity often limit
its use in device fabrication. In the case of spray pyrolysis, the droplet pro-
duced is much larger by a factor of 10 - 1000 than that produced in the mist-
CVD process. Hence improved film uniformity can be obtained from the
mist CVD technique [97] compared to spray pyrolysis. During growth, the
precursor molecules in the aerosol diffuse to the heated substrate where they
are adsorbed and consumed across a boundary layer. Film uniformity is de-
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FIGURE 4.17: Variation of thickness across a 20 cm × 20 cm
ZnO film deposited on Quartz substrate. The numbers repre-
sent thickness in nm.
Investigation of the homogeneity in film thickness was done by measur-
ing the transmission on a circular 5 mm diameter region at various positions
across ZnO film deposited on a 20 cm × 20 cm amorphous quartz substrate.
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TABLE 4.2: Electrical properties of as grown ZnO film samples











300 120 1.1×1018 4 1.3
350 75 1.8×1019 9 2.4×10−2
400 50 1.9×1019 13 2.1×10−2
450 48 1.1×1019 11 6.7×10−2
500 74 8.0×1018 16 4.2×10−2
550 93 1.3×1018 16 7.6×10−1
The variation in thickness was estimated by measuring the transmission at
each position across the film surface, which was used to find the thickness
based on the absorption coefficient found for other film samples where thick-
nesses were determined from etching and profiling of a step edge.
Fig. 4.17 indicates that film thickness becomes thinner further down in
the direction of mist flow. The mean thickness across the 20 cm × 20 cm
area shown in the figure is 83 nm with an average deviation of about 10%.
Improvement in uniformity is usually achieved by increasing the flow rate of
the carrier/dilution gas. The combined gas flow rate was set to 10 liters/min,
optimized for the routine growth on a 10 cm × 10 cm sapphire substrate
where deviation from the mean thickness is about 5 - 6 %.
4.6.6 Electrical properties
Hall effect measurement described in section 3.3.3 was used to investigate
the electrical characteristics of the ZnO films. The electrical properties of
as-grown ZnO films deposited on r-plane sapphire substrates indicate that
films exhibit properties of an n-type semiconductor. Factors such as film
thickness, deposition temperature and annealing were found to affect the
electrical properties of deposited films.
The results in Table 4.2 indicate how charge carrier concentration n, mo-
bility µH and resistivity ρ are influenced by the growth temperature. For
the same reason explained previously relating to ZnO film sample grown at
300◦C, mobility was the lowest at 4cm2/V.s and resistivity was maximum
(1.3 Ω-cm), despite having higher thickness than other samples shown in the
table.
It can be observed that the electrical properties of film samples grown
immediately above the decomposition temperature of zinc acetate (∼315◦C)
changed with improvement in n, µH and ρ. There is a dramatic reduction
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in the resistivity of the films grown at 350◦C, 400◦C and 450◦C when com-
pared with sample deposited at 300◦C. Charge carrier mobility also showed
a trend of increase with deposition temperature. The increase in carrier mo-
bility may be associated with the increase in grain size as the growth temper-
ature increases. The effect of thickness on the electrical properties of ZnO film










43 6×1017 8 1.5
85 3.1×1018 9 2.0×10−1
105 4.6×1018 15 8.1×10−2
204 1.7×1019 22 1.6×10−2
260 1.2×1019 29 1.5×10−2
380 1.4×1019 32 1.4×10−2
500 1.1×1019 30 1.2×10−2
is shown in table 4.3. All of the samples were grown at a standard growth
temperature of 500◦C with a precursor concentration of 0.05 mol/L. There is
an observable trend between film thickness and all of the electrical assess-
ment metrics. The charge carrier concentration and mobility increase as the
thickness of the film increases while resistivity reduces with film thickness.
The mobility increases from 8 cm2/V.s for a 43 nm film to about 32 cm2/V.s
for a 380 nm thick film. The increased mobility with thickness can be ex-
plained by the formation of larger grain sizes which become more compact
with thickness increase [53]. Also, improved film conductivity with increase
in thickness is associated with the reduction in grain boundaries due to in-
crease in size of the grains. As observed in table 4.2, charge carrier concen-
tration reduced from 1.8 ×1019 cm−3 at 350◦C to 8.0 ×1018 cm−3 at 500◦C
for film samples of similar thickness. The observed reduction in carrier con-
centration is due to rearrangement of growth species at increased growth
temperature leading to reduction in crystal defects. Similarly the carrier con-
centration increases with film thickness due to higher concentration of these
defects acting as donors.
The trend in resistivity as a function of film thickness is shown in Fig.
4.18. The plot shows a decreasing trend in resistivity as thickness increases.
Similar to an explanation for the increase in mobility with thickness already
discussed, such a trend in film resistivity is due to larger grain sizes leading
to a reduction in grain boundaries and an increase in charge carrier mobility.
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FIGURE 4.18: Variation of resistivity for ZnO films deposited at
500◦C on an r-plane sapphire substrate.
The very low resistive ZnO films of ≈10−2 Ω-cm indicates an interesting
capability of mist-CVD growth technique for achieving a highly transpar-
ent and well-conducting film for TCO application. Such a resistivity value
is noteworthy for an undoped ZnO film compared to several other growth
techniques. The most likely source of donor atoms that results in such a low
resistivity value for unintentionally doped ZnO film is Al. The fine channel
reactor as described in Chapter 3 is made of aluminum metal which has a
low melting point of about 630◦C. Aluminum atoms acting as donors most
likely diffuse into the crystal lattice during film growth. Additionally, Al
donor atoms can also originate from the sapphire substrate used for growth.
Optical studies from PL spectroscopy presented in chapter 5 confirm the in-
corporation of Al donor atoms in the crystal lattice of our films.
Another interesting result from electrical characterization shows the very
low resistive film samples deposited at temperatures between 350◦C - 450◦C.
These results indicate that highly conductive films can be achieved at rela-
tively low growth temperature for TCO application by using zinc acetate as
precursor material and performing growth at a temperature just above its
thermo-gravimetric decomposition point of 315◦C. The relatively higher re-
sistivity value of 1.5 Ω−cm found for a film sample with a thickness of 43
nm is associated with an increase in the strain on film caused by the lattice
mismatch between film and the substrate. Ghosh et al, [67] reported a strain-
induced exponential increase in the resistivity in ZnO films. With higher
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strain for a very thin film, there is a higher density of grain boundaries as-
sociated with small grain size and this tends to reduce carrier mobility and
increase the resistivity of the film.
4.6.7 Effects of thermal Annealing
An investigation was carried out to understand the effects of thermal anneal-
ing on the electrical properties of ZnO film. A sample of ZnO film with a
thickness of 260 nm deposited at 500◦C was annealed under a O2 gas atmo-
sphere successively at 600◦C, 700◦C and 800◦C each for a duration of 30 min-
utes. Thermal annealing is used as an effective means of improving the crys-
talline quality of films. The electrical properties of as-grown and annealed








As grown 2.0×1019 31 1.0×10−2
Annealed 600◦C 1.4×1018 36 1.2×10−1
Annealed 700◦C 6.7×1017 26 3.6×10−1
Annealed 800◦C 6.2×1017 25 4.0×10−1
film sample are represented in Table 4.4. The effect of annealing at 600◦C is
an improvement in the carrier mobility and reduction in the conductivity of
the film. The carrier mobility which was found to increase at an annealing
temperature of 600◦C, however decreased with further annealing at 700◦C
and 800◦C. Under an oxygen rich ambience, the conductivity and charge car-
rier concentration of the film monotonically decreased for each successive
annealing step. Annealing in oxygen atmosphere allows for the thermally
assisted diffusion of oxygen atoms in the lattice to reduce oxygen vacancies,
a well reported origin of n-type conductivity in ZnO. The result of thermal
annealing in O2 shows that electrical conductivity of mist-CVD grown film
can be controlled to a desirable state through an annealing process. For in-
stance, the conductivity of film can be reduced with carrier concentration
reduction from ∼ 1019 cm−3 to ∼ 1017 cm−3 suitable charge carrier concen-
tration for fabricating Schottky contacts and transistors. The Hall mobility
improved for the first annealing step increasing from 31 to 36 cm2/V.s after
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annealing at 600◦C. However, a subsequent annealing step caused a reduc-
tion in the mobility which may be a result of thermal damage caused by high
temperature or longer annealing time.
4.7 Summary
In the mist-CVD growth of ZnO, the use of aqueous ammonia as pre-
cursor solvent instead of organic solvents enables a safer and less volatile
growth recipe for film nucleation.
Aqueous ammonia has two key functions - helps to improve atomiza-
tion of liquid precursor in contrast to water only. Additionally, it pro-
vides a basic pH environment for ZnO crystallization through growth
intermediates.
Polar ZnO with c-axis (0001) crystal orientation was deposited on a c-
plane sapphire substrate while ZnO films with a-plane(112̄0) crystalline
orientation were obtained on r-plane sapphire substrates. Film crystal
quality measured through rocking curve XRD analysis on ZnO grown
on r-plane sapphire indicated crystalline improvement as growth tem-
perature increases.
ZnO films deposited on r-plane sapphire substrates showed smoother
surface topography compared with films deposited on c-plane sapphire.
Crystallite sizes increase at the thickness of deposited film increases.
As film thickness increases, elongation of grains oriented in a given di-
rection leading to surface anisotropy is noticed in films deposited on
r-plane sapphire.
Electrical properties of ZnO films grown on r-plane sapphire substrates
measured through Hall effect analyses show increase in carrier mobil-
ity, charge concentration and conductivity with increase in film thick-




Optical Properties of Mist-CVD
Grown ZnO
5.1 Introduction
Some of the very important properties of ZnO such as its direct bandgap and
high exciton binding energy continue to inspire interest in it as a semicon-
ductor of choice in a range of applications. These properties have promising
potential applications in optoelectronics such as in UV light-emitting diodes
and laser diodes among others. Compared to the technical merit achieved
by the development of GaN-based UV LEDs, ZnO gains a more favorable
interest for developing UV LEDs considering that its exciton binding energy
is about 60 meV compared to GaN which is 25 meV. Additionally, ZnO is
radiation hard with good thermal resistance making it particularly useful as
transparent contacts in solar cells. Further, ZnO powders, films and ceramics
have found recent applications in scintillation applications.
This chapter focusses on the optical properties of mist-CVD deposited
ZnO films studied through light absorption/transmission and photolumi-
nescence. Description of the experimental setup for these optical characteri-
zation measurements is outlined in section 3.3.2.
5.2 Transmission/Absorption
This section discusses the results of transmission spectroscopy done on some
selected ZnO film samples. Experimental measurements were performed at
room temperature in addition to liquid helium temperature. A discussion on
the results of optical studies on ZnO films done through transmission and
photoluminescence spectroscopy is presented .













































3.2 3.3 3.4 3.5
FIGURE 5.1: (a) Room-temperature optical transmission as a
function of incident photon wavelength for a 380 nm thick ZnO
film deposited on an r-plane sapphire substrate. (b) Absorbance
spectrum plotted on the energy axis. Inset - A Tauc plot used to
determine the optical bandgap of the film.
5.2.1 Room Temperature Transmission
Qualitative visual assessment of the ZnO films indicates that ZnO films de-
posited through the mist-CVD process have a clear optical appearance with
a smooth specular surface over the whole substrate. Fig. 5.1 shows room
temperature transmission and absorption spectra for a 380 nm thick ZnO
film deposited on sapphire substrate by the mist-CVD growth technique at
a substrate temperature of 500◦C. It can be observed from the plots that the
ZnO film is highly transparent for most of the visible region with an abrupt
transition to light absorption commencing at a wavelength of about 370 nm.
The uniform transmission spectrum indicates that optical transmission is not
degraded by light scattering from rough surface morphology or inhomoge-
neous material. The absorption curve shows that the deposited ZnO film
exhibited the typical characteristics expected of ZnO material with strong
photon absorption at photon energy above its bandgap energy. An inter-
ference fringe pattern is observed in the visible region of the transmission
spectrum due to the interaction of incident photons as it passes through the
air-film-substrate interface. The bandgap energy found for a 380 nm ZnO
film using the Tauc plot shown on the inset of Fig. 5.1(b) is 3.32 eV.
The plot in Fig. 5.2 shows the transmission spectra of ZnO films of vary-
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FIGURE 5.2: Transmission spectra of ZnO films of various thick-
ness. Inset - a plot of logarithm of transmission against film
thickness measured after etching with a linear relation that con-

















FIGURE 5.3: Tauc plot for some selected ZnO films with varying
thickness showing slight variation in the extrapolated bandgap
energy.
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the absorption edges in the transmission spectra for the films slightly shifted
to longer wavelength as the film thickness increases. This shift in the absorp-
tion edge is noticeable for the 15 nm thick film relative to other samples. The
shift in the absorption edge is attributed to the presence of micro-strain and
dislocations which tend to relax as the film thickness increases [65].
The indicated dashed line corresponds to transmission at an incident pho-
ton wavelength of 340 nm. The logarithm of transmission at 340 nm for the
samples is plotted on the inset figure. The choice of transmission data at 340
nm is to enable quantitative comparison to be made on the samples right
after photon absorption near the absorption edge and avoid noisy data at
lower wavelengths. The linear fit to the data confirms the exponential re-
lationship between film thickness and light absorption/transmission. This
follows from the Beer-Lambert’s law which gives an exponential relation-
ship between transmitted light through a material and the thickness of the
material.
The bandgap found for our films varies slightly with increasing film thick-
ness as shown in Fig. 5.3. The bandgap energy was found to be 3.29 eV, 3.30
eV and 3.31 eV for films with a thickness of 103nm, 205 nm, and 260 nm
respectively. This range of bandgap energies is slightly higher than typical
bandgap values of 3.28 - 3.29 eV reported for high-quality undoped ZnO
films where the Tauc method was to evaluate bandgap [216, 164]. The most
likely explanation for a slightly increased bandgap as the thickness increases
is the Burstein-Moss effect. This effect explains the widening of the bandgap
due to some energy states close to the conduction band being filled as a re-
sult of increased electron carrier concentration. An increase in film thickness
corresponds to larger grain sizes, less strain, and higher film conductivity.
The blue shift in bandgap is in agreement with electrical measurements from
Hall effect performed for these samples which confirmed that charge carrier
concentration moderately increased as film thickness increases.
Even though the extracted bandgap energy for a 380 nm film sample was
found to be ∼3.32 eV, that is still lower than the 3.37 eV reported for bulk
ZnO material at room temperature [114]. Earlier reports have erroneously
attributed the redshift of the bandgap derived from the Tauc plot with re-
spect to bulk ZnO to effects of strain on the film [204]. However, it is now
accepted that the discrepancy is linked to extrapolation and interpretation
of the Tauc plot method for finding the bandgap [164, 183]. The Tauc plot
is based on the assumption that optical absorption is a simple phenomenon
and relies solely on the extrapolation of the main absorption edge due to
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electronic transitions between the valence and conduction bands. However,
there exist some other exciton related optical processes close to the absorp-
tion edge in ZnO films which may only be resolved in films of high quality
and/or sufficient thickness. Because the Tauc plot method may not account
for these additional exciton related transitions, the value of the bandgap may
appear to be lower than the bulk. By accounting for the exciton binding en-
ergy of 60 meV when calculating the bandgap energy, the extracted bandgap
increases from 3.32 eV to 3.38 eV which is closer to that of the bulk. Further,
while the Tauc method provides a handy technique to estimate the bandgap
from the transmission spectrum in thin films, there may be additional issues
with the accuracy of fit due to effects from lower energy sub-gap absorption
usually called the "Urbach tail" effect [220, 34].
5.2.2 Temperature Dependent Transmission
By studying the effect of temperature on the optical properties of a semicon-
ductor, important information such as excitonic effects and electron-phonon
interaction can be derived. Investigation on the temperature dependence of
the bandgap is important because of certain reasons. One is that it enables
the understanding of the fundamental factors that contribute to the bandgap
shift with temperature. It also enables one to understand the practical ca-
pabilities for semiconductor devices when operated over a wide range of
temperatures.
The experimental setup for the temperature-dependent transmission mea-
surement is similar for that of room temperature except that the sample is
attached over a hole on a copper cold finger using a silver paste on the edges
of the sample. This enabled temperature control while still allowing an opti-
cal path through the sample. A reference sample, a bare sapphire substrate
was attached to the second hole on the cold finger and was used for baseline
correction. A turbopump was used to evacuate the cryostat up to a pres-
sure of 10−5 Torr which prevented condensation on the cryostat window. A
cryopump with closed cycle helium refrigerator cooled the sample while a
heater attached to the cold finger was used to maintain the desired temper-
ature ranging from 10 K to room temperature. A mounted rail enabled the
cryostat containing the sample to be moved into the beam path of the spec-
trophotometer system.
For measurements, the sample was first cooled to 9K and transmission
data were acquired at various set temperatures while heated back to room
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temperature. Before transmission measurement at each set temperature, a
waiting period of about 5 minutes was kept to ensure that both the sample
and the cold finger were in thermal equilibrium. The contribution to the
spectral response of the film by the sapphire substrate was removed from the
actual transmission data via the reference sample attached to the cold finger.
It was found that a bare sapphire substrate used for baseline correction only
has a small reduction in transmission with almost no spectral response with
temperature.
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FIGURE 5.4: Temperature dependent absorption spectra for
ZnO film at a temperature between 9 - 275 K. Spectra acquired
before and after annealing with sample placed in a cryostat and
cooled down with a cryopump.
Fig. 5.4 shows the temperature-dependent absorbance spectra for ZnO
film with a thickness of 380 nm before and after annealing at 800◦C. Anneal-
ing of the film sample was done first in O2 atmosphere at 600◦C followed by
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further successive annealing at 700◦C and 800◦C each for 30 minutes dura-
tion (electrical measurements were done for each annealing step). It can be
observed that as the crystal temperature during transmission measurement
increases, the fundamental absorption edge is red-shifted to longer wave-
lengths. A Tauc plot at different temperatures used to find the temperature-
dependent optical bandgap of as-grown ZnO film sample is shown in Fig.
5.5. An increase in temperature causes the vibrational energy in atoms to
increase leading to a greater interatomic distance. The more adjacent atoms
move further away, the less the periodic potential felt by an atom which leads
to a decrease in potential energy of the electron. The electron’s potential en-
ergy is one factor that determines the band characteristics of a semiconductor
with decreased potential energy corresponding to reduced bandgap energy.
It can be seen that annealing enhanced excitonic related peaks in the ab-
sorbance spectra acquired at low temperatures. Muth et al. [159] had re-
ported these peaks and wrongly assigned them to the A and B excitons which
brought some debates on such an assignment. The first peak centered at 3.43
eV is a combination of A and B excitons while the position of the second peak
at ≈ 3.48 eV is closely indicative of a C-exciton based on the energy splitting
of approximately 49 meV between A-C excitons. The enhancement of ex-
citonic peaks after annealing shows improvement in the crystalline quality
of film post-annealing. The inset in Fig. 5.5 shows that bandgap decreases
across all crystal temperatures after annealing the sample. The reduction in
charge carrier concentration n by the annealing process is considered to be
the reason for the decrease in the energy bandgap post-annealing. This ob-
servation can be explained based on the Burstein-Moss shift where reduction
in n due to annealing leads to a decrease in bandgap energy, since fewer elec-
trons occupy energy states above the conduction band minimum. For this
film sample, Hall measurement showed that as-grown n was ∼ 1019 cm−3
but reduced to 6.2×1017 post-annealing.
Some empirical and semi-empirical models have been proposed that quan-
tify temperature-dependent shifts in the bandgap energies of semiconduc-
tors. One of the empirical and commonly applied models is the Varshni
equation [222] which gives a non-linear relationship between bandgap en-





where A and B are fitting parameters specific to a particular semiconductor
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FIGURE 5.5: Temperature dependent Tauc plot derived from
transmission data of as-grown ZnO film sample. Extrapolation
of the linear region was used to find the bandgap at a given
temperature. Inset - Bangap energy dependence before and af-
ter annealing.
and Eg(0) is the bandgap energy at 0 K. The Varshni relation is known to
fit well with various group II-VI semiconductors such as ZnO, however, the
physical meaning of parameter B is not explained even though it may be re-
lated to the Debye temperature in some semiconductors [196]. The Varshni
model fit for the temperature dependent bandgap is shown in Fig. 5.6(a)
which gives the A and B fit coefficients as 8.5× 10−4 eV/K and 817 K respec-
tively. The parameter A is close to the value of 8.2× 10−4 eV/K reported for
bulk ZnO [20]. The fitting quantity B has previously been given as 672 K [20],
660 K [171] and 700 K [229]. A value of B = 817 K returned the best fit for this
sample and Eg(0) is derived to be 3.407 eV. The fit coefficients are close and
in agreement with the values obtained by other reported works that fitted
the model to temperature dependent shift in bandgap energy for ZnO. Using
this model, Granerod et al. [70] obtained B and A coefficients as 338 K and
3.8 ×10−4 eV/K respectively.
An alternative model that describes bandgap energy dependence with
temperature is the Manoogian-Wolley equation. Unlike the Varshni equation,





Eg(0) = 3.407 eV
A = 8.5 × 10-4 eV/K
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(b)
Eg(0) = 3.407 eV
U = -5.93 × 10-5 eV/K
V = -1.77 × 10-4 eV/K 
s = 1.1
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FIGURE 5.6: Fitting to temperature dependent bandgap shift
using (a)Vershni and (b) Manoogian models.
physical relevance to the fitted experimental data. Manoogian-Wolley equa-
tion is expressed as:
Eg(T) = Eg(0) + UTs + Vθ(coth(θ/2T)− 1) (5.2)
where Eg(0) is the bandgap at 0 K. The model improves the Bose-Einstein
model [179] by accounting for the semiconductor’s crystal lattice dilation de-
pendence with temperature through an additional term UTs in the equation
while Vθ[coth(θ/2T) − 1] accounts for the contribution of electron phonon
interaction [124]. The coefficients obtained by fitting the Manoogian-Wolley
model on the experimental data is comparable to the reported article by
Hamby et al. [75] with values Eg(0) = 3.379 eV, U = -5.04 ×10−5 eV/K, s
= 1.01, V = -1.84 ×10−4 eV/K and θ = 398.4 obtained by fitting Manoogian-
Wolley model to temperature dependent bandgap shift on bulk ZnO.
Comparing our results with other published works in academic literature
shows that the optical bandgap determined from transmission measurement
and fitting of the above models seem slightly higher than ≈ 3.38 eV [30]
mostly reported for ZnO films at very low temperature ( < 10 K). Hall elec-
trical measurement for this sample indicates that the charge carrier concen-
tration is 1.4 ×1019 cm−3 suggesting that unintentional shallow donor impu-
rities are incorporated in the ZnO films. Due to the higher concentration of
donor atoms, some energy states above the conduction band become occu-
pied such that inter-band optical transition from photon absorption results in
a blue-shifted absorption edge and an increase in the bandgap of ZnO. This
apparent increase in bandgap of a semiconductor caused by higher carrier
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concentration is termed the Burstein-Moss shift.
5.3 Bandgap Engineering - Mg doped ZnO
A possible way at which the bandgap of ZnO can be altered is by doping
with group II elements, which can create impurity states and shift the Fermi
level [5]. Since Mg2+ ion radius of 0.57 Å, and Zn2+ ion radius of 0.60 Å
are comparable, Mg serves as a suitable dopant that can replace Zn atom in
the lattice. Besides, the higher bandgap energy of MgO of ∼ 7.4 eV enables
widening of the bandgap in a MgxZn1−xO alloy. Therefore, varying the con-
tent of Mg in ZnO lattice provides a means to tune the bandgap to higher
energy.
An investigation to determine whether Mg doping can successfully be
done on mist-CVD grown ZnO films was carried out. Studies on magnesium
doping were performed by adding magnesium acetate salt to a solution of
zinc acetate before the growth of films. Growths of ZnO:Mg thin films with
thicknesses about 210 nm were deposited at a growth temperature of 500◦C
on r-plane sapphire substrates at 5%, 10%, 20% and 40% fractional mass con-
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FIGURE 5.7: (a) XRD spectra (b) Transmission spectra for un-
doped ZnO and Mg-doped ZnO films
The diffraction pattern and transmission spectra for ZnO undoped film
and ZnO:Mg samples deposited with varying fractional mass concentrations
of magnesium acetate in the precursor solution are shown in Fig. 5.7. It is
observed from the XRD pattern that magnesium incorporation in the film
introduced multiple crystalline phases resulting in changes in the structural
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(b) Bowing equation
Eg(MgxZn1-xO) = 3.32(1-x) + 
7.41x - 2.01x(1-x)
Bowing Plot
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FIGURE 5.8: Tauc plot showing variation in bandgap energies
with concentration of Mg (b) Bandgap energies compared with
expected theoretical value based on Bowing equation.
properties of Mg-doped films. The slight shift in the 2θ angle for (0002) and
(101̄1) diffraction peaks with an increase in the fractional mass of Mg may be
related to the distortion in the lattice structure of ZnO due to addition of Mg.
It is of note that with Mg doping, the polycrystalline phases all originate from
ZnO with no observable diffraction peak from MgO. This indicates that Mg
segregation in the form of MgO did not occur as a result of the doping, and
suggests that Zn atoms are more active than Mg and preferentially reacts
with oxygen [86]. For the ZnO:Mg(40%), a sapphire peak is absent on the
XRD pattern. This may be related to a relatively low signal strength with
increased poly-crystallinity.
The transmission spectra indicate that the incorporation of Mg in the ZnO
lattice results in a slight shift in the absorption edge as the doping concentra-
tion of Mg increases. The blueshift in the absorption edge corresponds to
the widening of the bandgap energy with increased Mg concentration as il-
lustrated in the Tauc plot of Fig. 5.8(a). It is seen that the bandgap energy
increases from 3.30 eV for undoped ZnO to 3.39 eV for the ZnO:Mg(40%)
film. This shift in bandgap energy suggests an upper limit of approximately
5% incorporation of Mg based on the bowing relation.
The bandgap energy gap of such a ternary compound is a function of the
x concentration of Mg and is determined using the bowing equation [230].
Eg(MgxZn1−xO) = (1− x)Eg(ZnO) + xEg(MgO)− bx(1− x) (5.3)
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where b is the bowing parameter that characterizes the deviation from lin-
earity, Eg(ZnO), Eg(MgO) and Eg(MgxZn1−xO) are the bandgap energies of
ZnO and MgO and MgZnO films. Using a bowing parameter b = 2.01 as
reported by Ref. [230] and setting the bandgap energies of ZnO and MgO
as 3.32 eV and 7.41 eV, a bowing plot for the ZnMgO is obtained. A plot
of the theoretical bandgap variation according to the bowing equation and
the experimental bandgap energies extracted from the Tauc plot at a varying
concentration of magnesium is shown in Fig. 5.8.
It can be observed that incorporation of Mg in the ZnO lattice results to
changes in both the optical and structural properties of doped films. How-
ever, since the widening of the bandgap energy is not consistent with the
expected changes based on Eq. 5.3, it is most probable that incorporation of
Mg in the ZnO lattice is minimal irrespective of the concentration, even for
magnesium acetate making up to 40% fractional mass concentration in the
precursor.
As has been described in Sec. 4.6.1, the growth rate and the number of
growth species available for crystallization are dependent on the pH of the
precursor solution. It is then most probable that the pH of the precursor so-
lution is to be optimized separately for magnesium acetate and zinc acetate.
However, only one solution chamber and an ultrasonic generation system
is used for our research. A possible way of increasing the bandgap with
Mg doping to closely follow the bowing relation in Eq. 5.3 is to introduce
a separate precursor chamber for Mg and Zn constituent precursors while
optimizing each with respect to pH. Atomized growth species from Mg and
Zn precursors can, therefore, be mixed in the reactor chamber for film nucle-
ation.
5.4 Photoluminescence Spectroscopy
Due to the desirable properties of ZnO such as its direct bandgap and exciton
binding energy, it continues to gain research attention as a potential material
for fabricating devices in the optoelectronic industry. With its wide direct
bandgap, the expectation is for ZnO crystal to emit photons in the ultraviolet
and UV region (366-388 nm). Photoluminescence (PL) spectroscopic tech-
nique is widely applied to study the luminescence properties of ZnO crystal
and to identify impurities and defects. PL analyses thus provide a useful tool
to study the potential applications of ZnO nanostructures in devices that in-
volve light emissions such as light-emitting diodes and lasers. There are wide
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FIGURE 5.9: PL spectra for a 380 nm thick ZnO film sample
acquired at room temperature (∼300 K) and a cryogenic tem-
perature of 4K.
reports on various structures of ZnO including film, bulk crystals, nanowires,
and other nanostructures which typically exhibit two luminescence bands -
a narrow peak near the band edge (NBE) which is attributed to excitonic re-
combinations [149] and an additional broad deep-level emission (DLE) band
in the visible region. The origin of the visible band is still debatable although
it is most likely associated with defects in the crystal structure such as Zn
interstitials and oxygen vacancies [44].
Fig 5.9 shows typical PL spectra acquired at room temperature and 4K
for a 380 nm thick, as grown ZnO film deposited at 500◦C on an r-plane sap-
phire substrate. Room-temperature PL spectra show that luminescence is
dominated by NBE emission in the UV region ascribed to excitonic recombi-
nations originating from a free exciton [95]. There are two distinct PL peaks
observed in the NBE at 4K which are further discussed in the next section on
temperature-dependent PL. Also observed is a broad emission band at lower
energy attributed to the presence of native defects and crystal imperfections.
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At room temperature, the NBE peak is centered is at 3.27 eV and a broad de-
fect band emission peaked at approximately 2.44 eV. The ratio between the
intensity of UV emission to the DLE is about 5 at room temperature and in-
creases to about 620 at 4K. Further experiments to investigate the behavior
and assignment of chemical origin to these PL features was done through a
temperature-dependent PL measurement discussed next.
5.4.1 Temperature Dependent PL
At low cryogenic temperature, the PL emission of ZnO is dominated by
bound excitons whereas, at a higher temperature, free excitons take over. The
paper by Meyer et al. [149] provides a good reference for the identification
of excitonic recombinations and their chemical identities, even though there
are still some disputes on the origin and assignments of these recombinations
lines.
PL spectra for a ZnO film sample with a thickness of 380 nm deposited
on an r-plane sapphire substrate are shown in Fig. 5.10. For the 4K PL spec-
trum, there are clear and distinct recombinations lines originating from ex-
citons bound to lattice defects. The emission at 3.362 eV can be assigned
to neutral donor-bound exciton (D0X). This recombination line typically la-
beled as I6 at 3.3602 eV in the review paper of Meyer et al., [149] is assigned to
exciton bound to Al impurities acting as donors. This emission line is com-
monly seen in the PL spectroscopy of films deposited on Al2O3 substrates.
The likely origin of Al impurity is the fine channel mist CVD reactor system
which is fabricated with aluminum (melting point ∼630◦C) with Al impuri-
ties migrating into the film during growth. Another possible source of Al is
the sapphire substrate (Al2O3) where diffusion of Al impurities could occur
during elevated temperature growth. This has been reported to occur in the
MOCVD growth of ZnO films [80]. Aluminum impurities act as donors in
the ZnO film. Thus, it is expected that if there is significant incorporation
of Al atoms during growth, charge carrier concentration n, should be rela-
tively high. This is indeed the case as n ∼ 1019 cm−3 was obtained for this
sample by Hall effect measurements. The PL results, therefore, confirm the
incorporation of Al impurities in our film samples.
For the peak centered at 3.321 eV, it has to be considered that this emis-
sion line cannot be assigned to other donor-bound exciton lines as detailed
in the Mayer et al. review paper. This peak cannot also be assigned as the
LO-phonon replica of D0X peak since the energy separation does not match
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FIGURE 5.10: Temperature dependent PL spectra of as-grown
mist-CVD deposited ZnO film on an r-plane sapphire substrate.
Vertical offset has been applied to each spectrum for clarity.
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the integer multiple of the phonon energy of ZnO. Several papers reported a
strong emission line at ≈ 3.32 eV in low-temperature PL spectra of nitrogen-
doped ZnO films with N acting as an acceptor impurity. Look and Reynolds
[139] observed an A0X associated emission line at 3.315 eV for homo-epitaxial
N-doped ZnO film deposited through MBE. In the PL experiment performed
for an undoped and N-doped ZnO samples, Lee et al. [129] also observed two
prominent peaks at 3.315 eV (assigned to A0X) and 3.356 (D0X) for N-doped
film, with the absence 3.315 eV emission line for the undoped sample. Fur-
ther, the work from Ma et al. [143] found similar emission lines for N-doped
ZnO attributed to D0X at 3.358 eV and A0X at 3.317 eV. Similarly, Gao et al.
[66] assigned A0X peak at 3.322 eV to nitrogen in N-doped ZnO nanowires.
Interestingly, all of these observations assigned the emission peak approxi-
mately at 3.321 eV to A0X originating from substitutional nitrogen in the ZnO
crystal lattice. For the spectra shown in Fig. 5.10, the assignment of emission
line at 3.321 eV to recombinations from neutral A0X is the most reasonable
as the growth of these ZnO samples used aqueous ammonia as the solvent
which provided a nitrogen-rich environment during the growth process.
Also visible on the PL spectra for the sample are peaks attributed to the
longitudinal optical (LO)-phonon replicas of the A0X emission line. The 1st
and 2nd peaks are seen on the spectra at 3.250 eV and 3.178 eV while the 3rd is
observed at 3.108 eV. These peaks have an energy separation of about 72 meV,
corresponding to the phonon energy of ZnO [149]. It is observed that all the
phonon peaks on the PL spectra originate from the A0X emission line with
no visible phonon replica of D0X. This observation is not entirely explainable
although it may probably be linked with difference in the binding energies
of A0X and D0X. However, such observation in PL pattern is very similar to
the work of Rommeluere et al [189]. In the report, nitrogen incorporated ZnO
film grown by metalorganic vapour phase epitaxy showed two A0X related
phonon replicas with no phonon peak associated with D0X.
The peak corresponding to the free exciton FX is not easily to see in the
spectra shown. This may be related to the strong NBE emission lines from
D0X and A0X originating from to Al and N that dominate the spectra. These
NBE peaks are relatively broad (compared with the 2nd order emission from
He-Cd laser) which indicates that other point defects may be accompanying
them which could induce non-radiative effects that can suppress the free ex-
citon [247]. Temperature-dependent PL shows that emission from D0X and
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FIGURE 5.11: Arrhenius plots showing the luminescence
quenching of D0X and A0X as the temperature of the sample
increases.
A0X can be well distinguished at 180 K above which the distinct NBE emis-
sion lines merge into an asymmetrically shaped peak as seen room temper-
ature PL spectrum with free excitonic recombination line (FX) expected to
dominate the luminescence emission at room temperature. As the tempera-
ture increases to room temperature, there is a convergence of the NBE emis-
sion lines dominant at low temperatures.
From the above discussion, one may question why p-type conductivity
is not evident in these film samples with the incorporation of nitrogen as an
acceptor in the lattice, as observed from the PL spectra. An explanation is that
nitrogen atom is similar in size to oxygen [176] and can be incorporated either
in atomic or molecular states. It is generally considered that the atomic form
of nitrogen is preferred for forming p-type doping in ZnO when it substitutes
for oxygen. However, with the relatively high energy of the N ≡ N bond
(≈ 9 eV), dissociation into atomic form for incorporation becomes unlikely
[225, 247]. Instead, the introduction of a nitrogen-rich environment during
growth leads to the formation of N−2 molecule at an O site, thereby leading
to compensation as opposed to p-type doping.
The temperature quenching of luminescence intensity can be modelled
by the fit to the Arrhenius equation [175]
I(T) =
I0
1 + A exp−Ea,1/kT +B exp−Ea,2/kT +...
(5.4)
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where I(T) is the PL luminescence intensity at temperature of T and I0 is
the intensity at low temperature. The terms A and B are dimensionless free
fitting parameters and Ea is the activation energy in the thermal quenching
process. The number of exponential terms on the denominator correspond
to the number of non-radiative decay paths of the transition with activation
energies Ea,1 and Ea,2. In the simplest form, only a single activation energy is
required. However, there is a significant improvement in the fit with a second
exponential term in the equation. By fitting with two activation energy terms
to the D0X emission as shown in Fig. 5.11, two activation activation energy
values of 10 meV and 1.7 meV are found for the D0X peak. The higher acti-
vation energy is most associated with the localization energy of 15 meV for
excitons bound to Al donors [149]. Similar reports on temperature quenching
analyses have returned values of 10 meV [149] and 14 meV [75] for emission
line of donor bound excitions D0X. Other non-radiative processes affecting
the PL intensity such as hole trapping by low energy native defects is mani-
fested in the second activation energy term.
For the decay of the A0X emission line, a higher activation energy value
of 20.3 meV is derived from the fit to the experimental data. Based on the
Haynes rule, the link between activation energy and acceptor binding energy
Ea/EA ∼ 0.1 for ZnO materials [129], which gives an estimate of acceptor
binding energy value EA = 203 meV for the sample. This value is close to
the binding energy of 190 meV which is consistent with shallow acceptor
in nitrogen doped ZnO materials [212]. Mathematical model disagreement
with theoretical values may be associated with systemic errors in obtaining
the PL intensity, including data averaging from overlapping peaks at higher
temperatures.
5.5 Summary
Transmission/absorption properties of mist-CVD grown films investi-
gated using transmission spectroscopy show strong photon absorption
at photon energy above the bandgap of ZnO. Estimate of bandgap en-
ergy ranges between 3.27 - 3.32 eV depending on film thickness.
Temperature dependent transmission shows the bandgap energy de-
pends on the crystal temperature and is blue shifted as the temperature
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decreases. Models that quantify bandgap energy shifts with tempera-
ture fit well with our experimental data with model parameters com-
parable with reported values in the literature.
Annealing ZnO film sample in O2 atmosphere is observed to improve
crystalline quality with enhancement of excitonic related peaks post an-
nealing.
An attempt to expand the bandgap of ZnO by doping with Mg did not
yield satisfactory results in the mist-CVD technique. Despite a slight
increase in bandgap energy after doping, the changes do not follow the
bowing relation for MgyZn1−yO alloy.
Luminescence properties of ZnO film was studied using PL spectroscopy.
Room temperature PL spectrum typically show a strong UV emission
peak in addition to a weaker, broad peak in the visible region. PL spec-
trum acquired at 4 K shows that the UV emission peak comprises two
defect related emission lines centred at 3.362 eV and 3.321 eV assigned




MESFET Theory and Fabrication
6.1 Introduction
Transistors are the cornerstone of modern electronic appliances and have be-
come ubiquitous in recent years with the rise in the use of smartphones, tele-
visions, digital displays and various forms of portable electronic devices. A
transistor is made from a semiconducting material and is used for amplifi-
cation or switching of an electrical signal. Multiple connections of transis-
tors in an integrated circuit can perform different logic tasks and function as
amplifiers, microprocessors, and computer memory. Transistors are roughly
grouped into two categories - Bipolar Junction transistors (BJP) and Field Ef-
fect Transistors (FET).
This chapter presents the physical principles in the operation of a metal-
semiconductor field-effect transistor (MESFET), a type of a FET structure.
Because MESFETs utilize a rectifying metal-semiconductor junction (Schot-
tky) for the gate and a non-rectifying ohmic contact for the source and drain
electrodes, the concept of a metal-semiconductor junction is discussed first.
Additionally, an explanation of processes undertaken to fabricate MESFET
structures on ZnO films grown through the mist-CVD growth technique is
presented.
6.2 Metal-Semiconductor Junction
A metal-semiconductor (M-S) contact is important in semiconductor devices
- it can act as either a Schottky contact barrier with a rectifying character-
istic or an Ohmic contact with non-rectifying current-voltage behavior. The
nature of the contact is determined by the combination of the metal and semi-
conductor materials that form the interface. The description of physical prin-
ciples that lead to the formation of ohmic and Schottky contacts is presented.
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6.2.1 Ohmic contact
An ohmic M-S contact has a negligible resistance relative to the bulk resis-
tance of the semiconductor and ideally has no current rectification properties
and no potential barrier for the flow of charge carriers across the interface.
Typical M-S that is ohmic has a small voltage drop irrespective of the current
level and polarity.
The ability to form an ohmic behavior on an M-S junction is dependent
on the work-functions of the metal and semiconductor that form the junction.
The work function of a metal qΦm is defined as the minimum energy required
to completely remove an electron from the metal into free space also called
vacuum level. Work-functions are intrinsic properties of metals and typi-
cally range between ∼2 - 6 eV for most metals. Similarly, the work function
of a semiconductor qΦs is the energy difference between the vacuum level
and the semiconductor Fermi level. The barrier height of the M-S system is
determined by the difference in the respective work functions of metal Φm
and semiconductor Φs. A typical ohmic contact can be formed by choosing
a metal with Φm < Φs for an n-type semiconductor or Φm > Φs in case of
p-type semiconductor material. A low resistance ohmic contact is achieved
if the M-S system has a barrier height that is small compared to kBT. In such
a combination, current can flow between the metal and semiconductor with
little restriction in both directions.
FIGURE 6.1: Energy band diagrams of a metal and n-type semi-
conductor with Φm < Φs (a) before contact and (b) formation of
an ideal ohmic contact.
An energy band diagram leading to the formation of Ohmic contact is
illustrated in Fig. 6.1. Before contact is established between a metal and
a semiconductor, the different positions of the Fermi levels imply that the
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average total energy of electrons in the metal is higher than the semiconduc-
tor. To lower their energies, electrons from the metal move to the semicon-
ductor. This electron transfer causes the Fermi level of the semiconductor
to move upwards and align with that of the metal to establish equilibrium.
This electron transfer from metal to the semiconductor leads to the accumu-
lation of electrons near the semiconductor surface, forming an accumulation
layer. In the accumulation layer, the energy band distorts continuously due
to the electric field created between the metal and semiconductor arising
from charge transfer. This is termed band bending. In an ohmic contact, since
Φm < Φs, the energy bands bend down towards the interface. As the electron
from the semiconductor experiences attraction from a positive charge at the
surface of the metal, its potential energy decreases resulting in downward
band bending. Due to the absence of a potential barrier for electrons flow
from semiconductor to metal, even a small forward bias voltage will lead
to a resultant forward current following Ohm’s law. A very small barrier is
formed for the electron to flow from metal to semiconductor but this small
barrier is overcome as the reverse bias voltage increases.
Ohmic contacts can also be achieved alternatively through a tunnel con-
tact by highly doping the semiconductor such that charge carriers can read-
ily tunnel across the barrier separating the metal from the semiconductor
interface. Ohmic contact via charge carrier tunnelling is achieved at doping
density of ∼ 1019 cm−3 and above [210].
6.2.2 Schottky Barrier
In a Schottky junction, there is ideally a non-linear flow of current through
the junction (rectifying contact). In theory, an ideal Schottky junction is formed
by a metal of high work-function contacting an n-type semiconductor mate-
rial. The electrons from the semiconductor reduce their average energy by
moving from the semiconductor to the metal leading to a downward move-
ment of the Fermi level. In the absence of surface states, the barrier height
ΦBn of a junction made of metal and n-type semiconductor is given as the dif-
ference between the work function of the metal qΦm and the electron affinity
of the semiconductor qχs.
qΦBn = q(Φm − χs) (6.1)
The electron affinity of the semiconductor qχm is the difference in energy be-
tween the bottom of the conduction band and the vacuum level. The relation
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between the work function and the electron affinity of a semiconductor is
given by
qΦs = qχs + (Ec − EF) (6.2)
with (Ec − EF) is the energy difference between the Fermi level and the con-
duction band under the flat band or zero field condition.
FIGURE 6.2: Energy band diagrams of a metal and n-type semi-
conductor with Φm > Φs (a) before contact and (b) after forma-
tion of an ideal Schottky contact.
The diagram in Fig. 6.2 illustrates energy band diagrams for a metal and
n-type semiconductor with Φm > Φs, depicting formation of a Schottky bar-
rier. When a metal and a semiconductor are far away and isolated from each
other as shown in Fig. 6.2(a), the average energy of the electrons in the semi-
conductor is greater than that of the metal. When brought into perfect contact
(with no surface energy states), electrons from the semiconductor lower their
energy by flowing from the conduction band of the semiconductor into the
metal. This charge build-up in the M-S interface leads to band structure de-
formation (band bending) such that the Fermi levels of the semiconductor
and metal reach equilibrium and coincide with each other as represented in
Fig. 6.2(b). The lowering of the semiconductor Fermi level relative to the
metal is equal to the energy difference between their work-functions called
built-in-voltage Vbi and given by,
qVbi = q(Φm −Φs) (6.3)
This band bending creates a potential barrier that electrons must overcome
to flow from the semiconductor into the metal.
This electron movement from the semiconductor to the metal in contact
simultaneously creates an electric field due to the negative charges on the
surface of the metal that is balanced by equal but opposite positive charges
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on the semiconductor. Thus, a region near the M-S interface is produced in
the semiconductor with no conduction electrons - this region is depleted of
conduction electrons and is called a depletion layer or space charge region.
The formation of a depletion layer in the semiconductor is a vital condition
for the achievement of a Schottky rectifying junction The overall effect of
the M-S contact is that an electron at the Fermi level of metal faces a potential
barrier towards the semiconductor that is equal to the difference between Φm
and χs given by Eq. 6.1. On the other hand, an electron in the semiconductor
has to overcome a potential barrier towards the metal that is equal to the
built-in-potential Vbi.
Forward Bias: The effect of applying voltage bias across the M-S junction
is shown in Fig. 6.3. When a forward bias voltage Va is applied across the
junction by connecting the positive terminal of a battery to the metal contact,
there will be reduction in the band bending and a resulting decrease in the
width of the depletion layer, thus decreasing the barrier for electrons flow-
ing from the semiconductor to the metal from qVbi to q(Vbi − Va). During
forward bias, the Fermi energy of the metal becomes lower than that of the
semiconductor resulting in the reduction of the potential barrier ΦBn across
the M-S junction. Thus, electrons can easily flow from the semiconductor
to the metal due to the reduction in the barrier by the applied forward bias
voltage Va.
FIGURE 6.3: Effect of applied bias voltage for an ideal M-S con-
tact with Φm > Φs when the contact is (a) forward biased (b)
reverse biased.
Reverse Bias: In a case where the metal contact is connected to a negative
terminal of a battery and the semiconductor to the positive, there will be an
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increase in the band bending and also on the width of the depletion layer. The
increased barrier by the applied reverse voltage Va means that the number
of electrons with sufficient energy to cross from the semiconductor to the
metal decreases thus, making it more difficult for electrons to flow from the
semiconductor to the metal.
6.2.3 Current Transport across a Schottky junction
The dominant current mechanism through a Schottky junction is thermionic
emission of electrons across a potential barrier. The thermionic emission the-
ory assumes that the barrier height is much larger than thermal energy kBT
and that thermal equilibrium is established in the system. Also, the model as-
sumes that thermal equilibrium is not distorted by the flow of current across
the junction. At room temperature, there is a non-zero probability of elec-
trons with energy sufficient enough to overcome the potential barrier. The
current resulting from the flow of electrons from semiconductor to metal is
given by the concentration of electrons with kinetic energy sufficient to over-
come the potential barrier into the metal.
Under equilibrium and in the absence of an external bias voltage, the
current density due to electrons flowing from semiconductor to metal Jm→s
is balanced by the reverse current due to electrons flowing from metal to
the semiconductor Js→m. Thus under equilibrium condition, Jm→s = −Js→m.
Based on the thermionic emission theory, for a Schottky barrier that is much
higher than the thermal energy qΦBn  kBT, the current density from the
metal to the semiconductor under a forward bias applied voltage is expressed
as [210],











where Va is applied forward bias voltage to the Schottky contact and A∗ is





where m∗ is the effective mass of the electron. On the other hand, the cur-
rent density Js→m due to electron flowing from metal into the semiconductor
remains constant, since the barrier height from metal to semiconductor re-
mains unchanged and unaffected by the applied forward bias voltage. Thus
Js→m is equal to Jm→s at equilibrium (i.e. Va = 0). By setting Va = 0 in Eq.
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6.4,






The total current density Jn is given by the sum of Eqs. 6.4 and 6.6.





























where J0 is the saturation current density given by






Eq. 6.8 shows the dependence of current with applied forward bias volt-
age in a homogenous Schottky barrier with no surface defects. However, it
does not account for some of the deviation from the ideal characteristics due
to factors such as image force lowering and effects of interface states [24]. To
account for these non-ideal characteristics, an ideality factor term η is intro-











The ideality factor is a performance metric that accounts for the performance
of the Schottky barrier with respect to what is expected in the ideal case with
large values indicating deviations and/or inhomogeneous Schottky contacts.
Typical values of ideality factors extracted for Schotky diode on bulk ZnO
ranges between η = 1.03 - 1.86 [244].
6.2.4 MESFET
A MESFET is a type of FET that employs a rectifying Schottky contact as
a gate electrode to modulate device input current. Unlike bipolar transis-
tors, all FETs are unipolar requiring only a particular type of charge carrier
(either electrons or holes) for current flow. Additionally, FETs are voltage
controlled devices, where the gate voltage switches and modulates output
current as opposed to a bipolar junction transistor where the base current
controls switching activities. A FET acts like a switch and allows current to
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(a)
FIGURE 6.4: (a) Schematic diagram showing a MESFET struc-
ture fabricated a layer of semiconductor material. Dimensions
such as gate length L, gate width W and thickness of semicon-
ductor channel h are shown (b) MESFET with source-drain volt-
age (VSD) less than saturation source-drain voltage VSD,sat with
a depletion region formed. Current flows only through the un-
depleted region of the channel.
be modulated, and be switched on or off depending on magnitude and polar-
ity of the applied gate voltage. Other common FET structures include metal-
insulator-semiconductor FET (MISFET), metal-oxide-semiconductor field ef-
fect transistors (MOSFET) and junction field effect transistors (JFET). The op-
erational principles of these types of FETs can be found in standard text-
books.
It is common to notice in textbooks and other reports the reference to
the depth/thickness of the depletion layer as a depletion layer width.
This terminology probably has its origin from p-n junctions where the
direction of current flow is along the width of the depletion region. To
avoid mix-up between "depletion layer width" wdep and the width of
the gate W, the term "depletion layer thickness" is used throughout the
thesis. Also note the difference between the depletion layer thickness
wdep and the thickness of the semiconductor channel h, as illustrated in
the schematic diagram in Fig. 6.4(a).
Illustrated in Fig. 6.4(a) is a schematic diagram of a MESFET consist-
ing of a semiconducting channel layer deposited on an insulating substrate
with source and drain ohmic contacts. In between the source and the drain
is a Schottky gate deposited onto the semiconducting channel. A Schottky
barrier discussed in section 6.2.2 controls the current to the drain electrode
by changing the thickness of the depletion layer depending on the voltage
applied to the gate. This, in turn, controls the current that flows from the
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source to the drain. The basic design parameters in the operation of a MES-
FET include the gate length L, gate width W and the semiconductor channel
thickness h. The length of Schottky contact along the channel defines the
gate length while the gate width is the width of the channel layer. Figure
6.4(b) shows how a silver oxide Schottky gate forms a depletion region in the
n-type ZnO semiconductor channel, and thus restricts current flow between
the source and the drain contacts. The detailed operational principle of JFET
and MESFET is found in several standard texts. Here, we consider the basic
working principle of a MESFET with a thin layer of an n-type semiconductor
as the channel material.
6.2.5 I-V Characteristics of a MESFET
To model the current and voltage characteristics of the channel, we assume
the channel approximation introduced by Shockley which asserts that in the
absence of a source-drain bias, the depletion layer thickness is the same as
that of a p-n junction diode. For the derivation of I-V characteristics of a
MESFET, the following assumptions are made (i) The direction parallel to
the substrate surface is given as the x-direction (ii) The doping in the channel
is uniform and homogenous (iii) The length of the gate is larger than the
channel thickness (i.e. L h "long channel approximation) (iv) The change
in electric field in the vertical direction of the channel is much higher than the
lateral direction (i.e. "gradual channel approximation") (v) The current flow
to the gate contact is negligibly small.
Consider when VG is constant at 0 V as shown in the diagram of Fig. 6.5.
With a small applied source-drain voltage VSD > 0, the semiconductor chan-
nel behaves like a resistor and the current ISD increases linearly with VSD in
accordance with Ohm’s law. An increase in VSD causes progressive narrow-
ing of the channel due to voltage drop along the channel and a resulting po-
tential difference leading to an expansion of the depletion layer at the drain
side of the channel. Since for any given applied voltage VSD, the voltage
along the channel increases from zero at the source to VSD at the drain, the
Schottky gate becomes progressively reverse-biased towards the drain. This
variation of voltage along the channel causes the thickness of the depletion
region to be larger on the drain side of the channel thus constricting channel
opening and leading to increased channel resistance. As a result, the drain
current ISD increases at a slower rate with respect to VSD.
























FIGURE 6.5: Effect of increasing VSD at a constant VG. Further
increase leads to pinch-off on the drain side of the channel and
saturation of ISD.
If VSD is further increased, the depletion region width continues to ex-
pand more especially towards the drain end and eventually completely de-
pletes the channel on the drain side. At the point, the channel is said to be
"pinched-off" which leads to the saturation of ISD that it no longer increases
with increase in VSD. The VSD at which ISD gets to a saturation level is called
the pinch off voltage VP.
Figure 6.6(a)-(c) is a schematic representation of a depletion mode MES-
FET with a small and constant VSD applied, that is under increasingly reverse
bias gate voltage VG. In the absence of any gate bias, a uniform depletion
region is formed under the gate. If the gate becomes more reverse biased
by increasing the negative gate voltage, the depletion region spreads further
into the channel and eventually the channel is depleted.
The current flow from the source to drain of the MESFET can be derived
by treating the barrier as a resistor that progressively gives a potential drop
across the channel. Based on the Shockley theory, the depletion layer thick-
ness wdep in the absence of any bias voltage is similar to that of a one sided









where Vbi is the built-in voltage and VG is the forward applied gate volt-
age across the Schottky barrier. ND is the donor concentration and εs is the
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dielectric constant of the semiconductor. For the n-MESFET, a positive VG
forward-biases the gate Schottky diode while a negative polarity VG reverse
biases it. The variation of the depletion layer thickness as a function of x
S DVG = 0
VSD
ISD
S Dnegative VG 
VSD
ISD






FIGURE 6.6: Schematic representation of a depletion mode
MESFET when VSD is small and VG in increasingly reverse bi-
ased.






Vbi −VG + V(x)
)
(6.13)
where V(x) is the potential along the channel. By the schematic representa-
tion in Fig. 6.4, the expression for the drain current ISD can be obtained by
integrating Ohm’s law from the source to the drain.





where wdep(x) is the width of the depletion layer that varies along the chan-
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The solution to the integral gives the expression for ISD when the channel is
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(6.18)










For a MESFET that is normally off (enhancement mode), a positive threshold
voltage VTH must be applied to the gate for current to flow and is given by
VTH = Vbi −Vp (6.21)
The above equations are valid in the linear region of the channel that is not
pinched-off - i.e. VSD ≤ VSD,sat. In the case of very low source-drain voltage
such that VSD Vbi - VG, Eq. 6.18 can be simplified by using Taylor series to









An important performance parameter of the device is the transconductance
gm which defines the change in drain current ISD as a function of gate voltage
VG. It quantifies how well the gate voltage controls the drain current. In the










If the VSD is further increased, then the drain current saturates and becomes
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dependent only on VG. This occurs at a state when VSD becomes the satura-
tion drain voltage VSD,sat given as
VSD,sat = Vp −Vbi + VG (6.24)
By replacing VSD with the drain saturation VDsat, the expression for the




















The model for the MESFET I-V characteristics limits the calculation of drain
current below the pinch off point of the transistor and assumes a constant
current in the saturation region.
The preceding discussion have provided the basic background theory in
the operational principles of a MESFET device and some of the vital parame-
ters that influence performance. This background is necessary to understand
transistor behaviour when factors such as variation in gate length or width is
implemented in a transistor device. Also, experimental measurement in per-
formance metrics of operational transistors can be compared with expected
theoretical predictions.
6.3 MESFET Fabrication
The operational principles in a MESFET have been described in the previ-
ous section. The discussion in this section will focus on the technique of
nano-fabrication required in creating an electronic chip of MESFET devices
with various dimensions and geometry. The target electronic chip consists of
three-terminal MESFET devices in addition to a few two-terminal Schottky
diodes. Also available is a transmission line method (TLM) test structure that
is used to determine the contact resistance of ohmic contacts.
The main method employed in the fabrication processes for microelec-
tronic devices presented in this thesis is optical lithography, also called UV
lithography or photolithography. This is a micro-fabrication process that
transfers geometric patterns using light (λ ≈ 0.2− 0.4µm) from a photomask
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to a light-sensitive film on a substrate. This section discusses steps in the fab-
rication process of MESFETs using mist-CVD grown ZnO as a channel layer.
6.3.1 Description of device layout
One of the very first steps in the fabrication process of a microelectronic de-
vice is to create an accurate physical representation of the design in the form
of a multi-layer layout. Each layer consists of geometric shapes and dimen-
sions that represent the electronic circuit topology and sizes of components.
The geometric shape can represent areas on the semiconducting film to be
etched or markers to enhance accurate alignment between different layers
of the electronic device. The geometric structures can also represent regions
where ohmic or Schottky contacts are deposited on a substrate.
The layout design for microelectronic devices can be accomplished by
some graphics editors with some dedicated computer-aided design (CAD)
software programs (e.g. Layout Editor, L-Edit, KLayout) best suited for such
designs. These dedicated CAD computer programs enable the designer to
work on multiple layers that will be represented on the different masks, in
addition to hierarchical design features. The hierarchical design feature al-
lows for use of low-level graphical structures as part of higher-level struc-
tures.
It is important to decide on the layers for the targeted electronic device,
suitable fabrication steps and the number of photomasks that will be re-
quired. The design of the microelectronic device reported in this work was
done by a former post-doctoral fellow within our research group. The de-
vice chip is fabricated using four distinct fabrication steps represented by
each layer in the design. A description of each layer of the design layout is
presented.
Layer 0 - Alignment markers
This represents the first layer of the design layout. These markers are not
vital in the operation of the devices, and fabrication can be done without the
markers. However, since ZnO films and sapphire substrates are both opti-
cally transparent, the markers ease the task of alignment between different
layers. The geometric CAD pattern of the markers is shown in Fig. 6.7. Some
considerations need to be made when choosing alignment markers. At least
one marker is required on each side of the design layout and must fit within









FIGURE 6.7: These markers are used to enhance accurate align-
ment by matching the positions of markers on each layer.
Additional marker is created 
to give an option for 
successive layer to be aligned 
with layer 1 instead of layer 0.
Layer 0 - Alignment marks Layer 1 - Etching/Isolation
Overlay of layers 0 and 1 using 
alignment markers
Cross and square markers are co-
aligned to improve accuracy of 
overlay.
The relatively large square at 
each corner provides a quick 
way to know the position of 
features
FIGURE 6.8: Illustration of how alignment markers are co-
aligned on a layout corner to ensure that layers are accurately
overlaid.
120 Chapter 6. MESFET Theory and Fabrication
the field of view of an aligner’s microscope. The marks must also permit
accurate alignment in the translational (x,y) and rotational directions.
An illustration of how alignment markers place at a corner of the design
is used to ensure accurate overlay of different layers is shown in Fig. 6.8.
Alignment features with geometric shapes of a cross and square (with up-
ward kink) are used to accurately align the layers based on visual assessment
under the view of a microscope. The large square at each corner is used as a
rough alignment feature while the crosses improve alignment accuracy un-
der higher magnification. Each layer of design layout has alignment features
placed at each corner to enable alignment with markers on layer 0.
Layer 1 - Etching/Isolation
The MESFET devices need to be fabricated on an active semiconducting chan-
nel that is isolated to avoid a cross-talk between conduction paths of adjacent
devices. This represents the second layer in which the geometric patterns
represent the regions on the semiconducting layer that will be etched off to
create isolated conducting paths. Fig. 6.9 represent the geometric pattern








regions to be mesa-etched
isolated channel layer
FIGURE 6.9: Pattern that represents film layer mesa-etched to
create isolated conducting paths for transistor devices.
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Layer 3 (ohmic) and Layer 4 (Schottky) contact metals
The last two layers are patterns for the ohmic and Schottky contact electrodes
shown in Figs. 6.10 and 6.11. For MESFETs, the ohmic contact metals are used
for the source and the drain while the Schottky contact is the gate. There
is no strict order on whether the ohmic or Schottky layer is fabricated first.
However, in for this work, the Schottky contact layer is fabricated last to
reduce the likelihood of any damage to the Schottky gate, which is critical to
MESFETs operation.
So far, the description has been given for the geometric designs that should
represent different layers in the final electronics design chip. These geometri-
cal shapes are simply graphics that correspond to the physical dimensions of
the transistors and other test structures on the chip. In a so-called "maskless
photolithography" technique, these geometric features can be directly writ-
ten to a wafer/substrate. A paper by Menon et al. [147] provides a good
review of maskless lithography and emerging applications in research and
industries. Currently, the technology for high throughput and high volume
maskless lithography in the optical regime is still in its embryonic stages.
However, the technology of maskless direct laser writing is already used but
for the production of photomasks and limited wafer-level patterning. The
traditional method of micro-fabrication using photomasks to transfer pat-
terns to the substrate/wafer was used in this work.
In the mask-based photolithography technique used in the fabrication
process for microelectronic devices reported in this thesis, each layer of the
design pattern is first written to a photomask which serves as master im-
age/template. The photo-mask is then used to transfer geometric features of
each layer onto a wafer using projection lithography. The photomask holds
the template of each layer and can be used for multiple fabrications of the
same devices with the same design. The next section describes how each
layer of the geometric pattern described above is transferred to a photomask
that serves as a template for multiple fabrications of devices.
6.3.2 Photomask Fabrication
The core aspects of photomask fabrication involve the use of a laser beam pat-
tern generator that directly transfers patterns to wafer/substrate. A schematic
illustration of a laser mask writer is shown in Fig. 6.12. In this work, the Hei-
delberg µPG 101, a laser-based micro pattern writer for low volume mask
making was used to transfer each layer of CAD pattern to a photomask. It









FIGURE 6.10: This layer represents the pattern for ohmic con-








regions to be mesa-
Schottky contacts
FIGURE 6.11: The Schottky contact layers represent patterns for
the gate electrodes.
uses a direct exposure with a laser diode of wavelength 405 nm to transfer
patterns on a substrate coated with photosensitive material called a photore-
sist. This technique is used to pattern each layer of chip design on a pho-
toresist coated blank photomask. Figure 6.13 illustrates the steps in making
a photomask to be used for MESFET fabrication on deposited ZnO film.
A commercially available Nanofilm AZ 1518 soda lime low reflective mask
blank consists of an opaque coating on top of a substrate that is transparent
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FIGURE 6.12: A mask writer used for transferring geometric
designs patterns on a photoresist-coated photomask [56].
to UV light. Typically, quartz glass or soda-lime is used as a substrate due to
high transparency in deep UV wavelength and low thermal expansion coef-
ficient. The opaque coating should ideally be a high optical density material,
chemically stable and amenable to patterning. The most widely used mate-
rial for opaque photomask coating is chromium Cr and its compounds. A
pure Cr metal layer has high reflectance on both interfaces, with stray light
reflections creating potential problems on pattern transfer. Instead, an anti-
reflecting coating of chromium oxide is deposited on top of the chromium
film. On top of the anti-reflective chromium oxide layer is a thin film of pho-
tosensitive material called a photoresist.
Each layer of the geometric design is printed on the blank photomask
by a mask writer. After exposure, the geometric designs are created as la-
tent patterns in the photoresist coating. The next process is for the latent
design pattern to be developed. This is done by immersing the photomask
in a developer chemical (AZ 326 MIF developer) where regions illuminated
by a laser get dissolved thereby exposing the chrome layer. Regions on the
photoresist layer without laser light illumination remain intact and protect
the chrome layer underneath. The next step is the etching of the exposed
chromium. A wet etching method was employed by using a chrome chem-
ical etchant, comprising of a mixture of perchloric acid (HClO4) and ceric
ammonium nitrate (NH4)2Ce(NO3)6. After etching, the remaining photore-
sist layer is stripped from the mask plate by ultrasonic agitation in acetone.
With each layer of the desired design of the microelectronic chip held as a
template on different photomasks, multiple fabrications of the same chip can
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A maskless lithograpahic system (e.g 
Heidelberg  μPG 101)  uses laser to  
tranfers design pattern as latent 
image on photoresist coating.
Chemical development removes 
photoresist regions illuminated 
by laser light exposing the 
chrome layer.
The exposed chrome layer is 
etched with chrome etchant 
chemical.
The remaining photoresist layer 
is removed to form a photomask 
that is inspected and cleaned.
(2) Pattern transfer by laser light
(3) Chemical development
(4) Chrome layer etching
(5) Strip remaining photoresist layer
Laser light
FIGURE 6.13: Schematic illustrating the transfer of geometric
pattern on a photomask with a positive photoresist coating.
be performed on mist-CVD deposited ZnO films as semiconductor channel
for devices. This process involves additional photolithographic steps using
another equipment called a mask aligner, shown in Fig. 6.15 to transfer the
design held on the photomask to the ZnO film substrate.
6.3.3 ZnO Substrate Preparation
One of the initial tasks in the fabrication process is the preparation of ZnO
film substrate. First, ZnO film is deposited on a 10 mm × 10 mm r-plane
sapphire substrate at a growth temperature of 500◦C using the mist-CVD
technique. As explained in section 4.6.3, ZnO films deposited on r-plane
sapphire substrates generally have smoother surface morphology compared
with films grown on c-plane sapphire substrates. A smooth semiconductor
layer is desirable for good device functioning by minimizing weak gating ef-
fects caused by poor electrical contact between a rough film and a metal. The
deposited film is diced into four pieces of 5 mm × 5 mm film samples. One
6.3. MESFET Fabrication 125
of the diced film samples is employed as an active semiconducting chan-
nel for the fabrication of MESFET structures and undergoes further micro-
fabrication steps to make electronic devices.
Characterization techniques to study optical transmission, surface topog-
raphy and electrical properties of the film sample are performed for the de-
posited film. Once the film properties are known, annealing of the film sam-
ple is done at 700◦C under an oxygen atmosphere for 30 minutes. Film prop-
erties are again studied after the annealing process.
Cleaning the ZnO substrate is vital in the fabrication process. This is be-
cause dust particles or other contaminants on the ZnO film or photomask
can cause defects in the fabricated device and result in circuit failure. Thor-
ough cleaning is performed on grown ZnO film by ultrasonic agitation for
10 minutes duration each in acetone, methanol, and IPA. Next, a ZnO film is
blow-dried using a nitrogen gas gun and securely stored in a thin film box
ready for further fabrication steps.
Substrate mounting
Deposited ZnO film, 5 mm × 5 mm on r-plane sapphire is further mounted
on a silicon wafer that is approximately 20 cm × 20 cm. Mounting the sam-
ple on a larger silicon wafer allows for a large surface area necessary for suit-
able vacuum pressure to keep the sample firmly fixed on the stage of a mask
aligner. Additionally, mounting the sample on a silicon wafer improves the
FIGURE 6.14: ZnO film deposited on a sapphire substrate is
mounted on a silicon wafer approximately 20 cm× 20 cm using
a tiny drop of photoresist
ease of handling and reduces the risks of damage to the film sample. Fig.
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6.14 shows a ZnO film sample mounted on a silicon wafer ready for further
fabrication steps. The ZnO film attached to the silicon wafer using a drop of
photoresist is then placed on a hot plate set at 96◦C for 15 minutes to enable
good adhesion between the film sample and the silicon wafer.
Photoresist spin coating
Spin coating is used to evenly spread a layer of photoresist chemical on the
ZnO film layer. In this work, a positive photoresist (MicroChemicals AZ1518)
for all the optical lithographic procedures reported in this thesis. A spinner
accelerated to 5000 rev/min deposits approximately 1.5 µm thickness of pho-
toresist on the ZnO film surface.
The spin-coated photoresist remains wet and therefore requires a soft
bake step to remove most of the solvent. In this work, the method of choice
for soft bake is to place the photoresist coated ZnO substrate on a hotplate
maintained at a temperature of 96◦C for 3 minutes and allowed to cool under
cleanroom ambient conditions.
6.3.4 Photolithography with the mask aligner
Following spin-coating with a positive photoresist, the mounted ZnO film
substrate and a photomask for each layer of fabrication are inserted in a mask
aligner. Despite its name, the mask aligner is both used for alignment and ex-
posure with UV light. The mask aligner in Fig. 6.15 is a Karl Süss MA6 mask
aligner. It is equipped with lamp, mirror, shutter and lens systems that al-
low for controlled alignment of substrate and photomask, in addition to a
uniform exposure of UV light over the substrate. The mask aligner speeds
up fabrication by exposing the photoresist coating of a wafer with UV light,
a process that can be completed within seconds in contrast to mask writer
which can take up to hours depending on the complexity of the pattern. To
transfer the pattern held on a photomask to the ZnO film substrate, the pho-
tomask is placed above the ZnO film substrate while UV light illuminates the
photoresist-coated ZnO film through the openings of the photomask. This
process transfers the pattern held on the photomask to the photoresist coat-
ing on the ZnO film. Further chemical treatment is done to expose regions on
the photoresist coating illuminated by the UV light thereby exposing some
regions on the ZnO film layer for subsequent processes such as metallization
or etching. In line with the layout of the electronic design, there are four dif-
ferent photomasks each holding templates of layers in the fabrication process
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FIGURE 6.15: A Karl Süss MA6 mask aligner used to accurately
align a substrate with a photomask. UV light projects through
the mask and selectively illuminates the sample coated with a
photoresist.
for the alignment markers, etching/isolation layer, ohmic contact electrode,
and Schottky gate electrodes.
The illustrations in Fig. 6.16 describe the fabrication steps undertaken
from etching the ZnO film layer to the final step of depositing the Schottky
gate contact electrodes. Details of each of the fabrication steps will now be
presented.
6.3.5 Alignment
Following spin coating by a photoresist layer, the ZnO film substrate and the
photomask are inserted into a mask aligner. Alignment is not needed for
the first mask layer (i.e alignment markers). However, it is important to print
the alignment marks on the substrate to enable subsequent photomasks to be
aligned with already existing patterns. The alignment marks are particularly
necessary especially when the first fabrication step does not lead to visible
features on the ZnO film. For example, etching only removes some regions
of transparent ZnO film without any other visible features after the etching
process.
The alignment marks comprises a bi-layer of Ti/Au deposited through
electron beam evaporation under vacuum. The alignment marks need to
be robust and adhere well to the ZnO film substrate to withstand further
chemical processes encountered in the fabrication process. The choice of a
bilayer of Ti/Au as markers stems from the superior property of Ti in terms
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(1) Defining the channel region 
(2) Etching ZnO film using H2O2
 94 mm 
(3) Isolated ZnO film as channel
(4) Photolithography - Ohmic contact
(5) E-beam of Ti/Au metal contact after development
(6) Lift-off Ti/Au contact with photoresist underneath
(7) Photolithography - Schottky gate contact
(8) RF sputtering of AgOx Schottky gate contact










FIGURE 6.16: Schematic representation of fabrication steps in-
volved in making MESFET devices using a thin layer of ZnO
film as an active channel.
of its high affinity for oxygen. Unlike most noble metals especially Au, Ti
adheres well to oxide films and glass due to its ability to react and form a
stable metal oxide at the interface. The Au capping layer prevents oxidation
of Ti since oxidized Ti will lead to poor adhesion in the subsequent deposition
of Au. Also, Au creates shiny features on a transparent ZnO film background
which helps to ease the alignment of successive layers on top of previous
layers.
6.3.6 Etching/Isolation
Following photolithography and deposition of alignment markers on the
ZnO film substrate (not shown in Fig. 6.16), an etching process is done on
the ZnO film layer to create an isolated conducting path as active channels





etched region  
Isolated ZnO film 
370μm
FIGURE 6.17: Optical micrograph of an isolated active conduct-
ing channel for a transistor after etching with H2O2 solution on
a 43 nm thick ZnO film.
for transistor structures. A mesa isolation method was used which requires
etching away the conducting film into the insulating substrate thereby pre-
venting lateral conduction between transistor devices.
Based on a recent article [235], a controllable etching of ZnO films was
achieved using a solution of hydrogen peroxide H2O2. The fabrication step
that requires etching of ZnO film followed through with this report by em-
ploying H2O2 (40 wt.%) for etching ZnO film layer and utilizing it for mi-
croelectronic device fabrication. To our knowledge, there are no available
research works that have utilized H2O2 solution for etching the ZnO con-
ducting layer for making devices. Figure 6.17 illustrates the excellent etching
result obtained by wet etching ZnO film sample with H2O2. Following pho-
tolithography with the photomask which selectively delineates areas of the
film to be etched off, the mounted ZnO film substrate is then dipped into
a solution of H2O2 to remove regions on the film surface exposed from the
photolithography procedure. Etching duration was 10 minutes for all de-
vices reported in this thesis. To confirm if the etching process successfully
removed the ZnO film from the insulating substrate, a micrometer controlled
electrical probe and a parameter analyzer were used to create voltage bias on
the etched away region to confirm that no detectable current was measured
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on the etched area of the film sample.
6.3.7 Metallization - Ohmic and Schottky Contacts
After creating isolated conducting paths for the transistor structures by the
etching process, the next step in the fabrication process is to deposit ohmic
contact metal for the source and drain electrodes, as well as Schottky contacts
for the gate. Several research works have shown that the effective Schottky
barrier height increases for partially oxidized metals, instead of pure metal
in ZnO thin films and bulk materials [88, 4]. The deposition of metal contacts
was achieved either by electron beam evaporation (for Ohmic contacts) or
reactive RF sputtering (for oxidized metal Schottky contact). The conductiv-
ity of the Schottky electrode is expected to be substantially lower than that
of its pure metals due to oxidation which can cause electrical conductivity
to be non-homogeneous across the contact area. By capping the oxidized
material with pure metal (e.g Au), a homogeneous and equipotential sur-
face across the contacts is established. Typical deposition conditions for the
Ti/Au Ohmic and AgOx Schottky contacts are shown in table 6.1. Other ox-
TABLE 6.1: Deposition conditions for the Ohmic and Schottky
contact electrodes













50 W 8.4e-6 mbar 3.3e-6 mbar ∼ 50 nm
idized Schottky metals deposited under similar conditions as shown in the
table include PtOx, PdOx and IrOx. The film deposition system used for RF
sputtering and electron beam evaporation of metal and oxidized metal con-
tacts is shown in Fig. 6.18.
For some semiconductor materials that are not attacked by metal etchant
chemicals, etching of deposited metal can be employed in the fabrication
process. However, ZnO being amphoteric reacts with most metal etchants
chemicals. Most metal etchants are acidic and will readily attack and etch
the underlying ZnO material. A more suitable patterning method involving
lift-off was therefore used.
In a lift-off etching process, a photoresist layer is spin-coated on the ZnO
substrate followed by standard photolithography to lay open the area where
the metal contacts will be deposited. Metal layers are then deposited on the
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ZnO film substrate either by electron beam evaporation (Ti - Ohmic contact)
or sputtering (e.g. AgOx - Schottky contact). After deposition, the sample is
immersed in acetone which dissolves the photoresist leaving behind the de-
posited metal contacts that adhered directly to the ZnO film. Metal deposited
on the photoresist protection layer flakes/lifts off when the photoresist layer
is dissolved and stripped by acetone.
In a lift-off process, care is taken to prevent bridging that occurs when a
deposited metal layer that adheres to the surface of the conducting film and
photoresist. Bridging effect prevents a good lift-off process and can make
fabricated devices non-functional due to cross-talk between adjacent con-
tacts. By using a photoresist layer with a thickness that is substantially higher
than the deposited layer enables a reliable lift-off process to be achieved. Our
spin-coated photoresist layer is∼1.5 µm while the bi-layer of deposited metal
contact is ∼100 nm. Even in a situation of minor bridging, methods like ul-
trasonic agitation of the sample in acetone can remove bridging and give a
good lift-off profile.
Ohmic Contact Metal
The source and the drain electrodes of a MESFET are ohmic contacts that take
current in and out of the semiconducting material and should ideally have
high heat dissipation and low contact resistance to improve device perfor-
mance and efficiency. All fabrication processes presented in this thesis used
a bi-layer of Ti and Au successively deposited in vacuum through electron
beam evaporation. This combination of the Ti/Au layer has often been used
for the ohmic contact electrodes in oxide thin-film transistors [14, 238, 234]
and was noted to provide low specific contact resistance to ZnO-based semi-
conductor channel layers [91]. Also, Ti is reactive towards ZnO with a high
affinity for oxygen atoms compared to zinc. Therefore, Ti forms an interfa-
cial layer when it reacts with oxygen in ZnO material. This results in the
movement of oxygen atoms from the ZnO material into the Ti metal, thereby
creating oxygen vacancies. Oxygen vacancies are well reported to contribute
to n-type conductivity in ZnO; therefore, more n-type charge carriers become
available leading to a further reduction in barrier height for the ohmic con-
tacts.
The Au metal deposited on top of the Ti serves as a capping layer to pre-
vent oxidation of Ti and protect the ohmic contact from potential damages
when measuring devices with pointed probes.
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FIGURE 6.18: A sputtering machine used for RF sputtering of
Schottky contact and deposition of metallic contact by electron
beam evaporation.
Schottky Contact Material
According to the theory of M-S junctions described in section 6.2, a rectify-
ing Schottky contact is formed between a semiconductor and a metal with
work function Φm higher than the semiconductor Φs. Rectifying M-S junc-
tion made with noble metals such as Au, Ag, Pt and Pd have been achieved in
some semiconductor materials. In the case of ZnO, attempts to make reliable
rectifying Schottky contact with metals have resulted in defective rectifying
contacts characterized by high reverse leakage current, high ideality factor,
and low barrier heights [218].
It has been demonstrated that a good quality Schottky contact is achieved
with non-stoichiometric silver oxide on a single crystalline ZnO substrate
rather than metallic silver [2]. Similarly, improved performance of Schottky
contact with oxidized silver metal on hetero-epitaxial ZnO film grown on a
sapphire substrate has been reported [126]. Many of the few works available
in the literature that compared performance parameters of different Schottky
contacts made from noble metals have shown that Ag has a higher barrier
height compared to other metals [57, 51]. It was, therefore, natural to con-
sider silver oxide as the first choice of Schottky contact material for MESFET
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fabrication.
Reactive RF sputtering with oxygen gas was used to deposit the Schottky
contact to form metal oxides. According to Allen et al, [4], oxidation of the
Schottky metal leads to a significantly lower conductivity compared with its
pure metal form. Therefore, a metallic capping layer usually electron beam
evaporated gold provides a low resistance contact to the actual Schottky elec-
trode and forms an equipotential surface. The capping layer also serves to
protect the Schottky electrode from scratches when measurements are done
with the needle-like probes.
The oxygen used in the sputtering process is reported to offer some ben-
efit in Schottky contact performance. Firstly, the bombardment of negatively
charged oxygen ions at the initial stage of the sputtering process leads to sur-
face pre-treatment of the channel semiconductor before the actual deposition
of the contact electrodes. Additionally, it is suggested that oxygen ions re-
move monolayers of hydroxide species which form accumulation layers that
increase surface conductivity and impact on the device performance such as
leakage current and barrier height [33].
6.3.8 Completed Chip
Micro-fabrication is completed with the fabrications steps involving pho-
tolithography accompanying depositions of ohmic and Schottky contact elec-
trodes. The alignment of each layer of the device is very important and care
is taken to ensure accurate overlay of each layer using the alignment mark-
ers. Even a slight misalignment can potentially render some of the devices
non-operational. It is also desirable to have transistors with a range of dif-
ferent sizes and dimensions since the actual characteristics of devices being
fabricated are somewhat unknown. Transistors with different dimensions
and shapes increase the likelihood of fabricating one with ideal or even mea-
surable performance, and enable one to study the effects of varying geometry
and dimension on performance. The vital parameters in the dimension of a
transistor are the width and length of the gate.
The fabricated microelectronic device chip, with the micrograph shown in
the upper central area of Fig. 6.19 measures 3600 µm × 3600 µm and consists
of transistors and Schottky diodes with varying gate length, gate width, and
geometries. These variations on transistor test structures enable the effect of
design parameters to be studied and investigated.
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FIGURE 6.19: Micrograph of fabricated microelectronic device
chip with area 3600 × 3600 µm2 showing MESFETs with the
varying gate lengths, widths, and geometries including diodes
and TLM structure.
Also available on the fabricated electronic chip is an array of ten MESFET
structures labelled from 1 to 10 with variations in dimensions of gate width
and length as shown on the left side of Fig. 6.19. The first five structures
(labelled 1 - 5) are transistors that share a fixed gate length of 5µm, with a
progressive increase in the gate width from 10 µm - 50 µm. The five other
transistor structures, labelled 6 - 10 in the array have a common gate width
of 50 µm and a progressive increase of gate length from 5µm - 25 µm. This
array is used to examine the effect of gate W/L ratio on the performance char-
acteristics of MESFETs.
Another array on the chip shown on the top right of Fig. 6.19 consists
of five MESFET devices (micrograph of three are shown). The gate width
for the MESFET devices is 100 µm while the gate length varies from 5 µm -
25 µm. This array was selected to determine the effects of varying gate length
at a fixed gate width on the performance metrics of MESFETs. In reference
to the schematic diagram of a MESFET structure in Fig. 6.4(a), it is important
to note that gate length is defined by the length of the metal contact along
the etched semiconductor channel from the source to the drain. Conversely,
the width of etched semiconductor layer without considering any overlap-
ping contact metal across the channel represents the gate width. The zoomed
micrograph of MESFET number 10 in Fig. 6.19 illustrates that visualizing
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the gate width may not be obvious since the etched semiconductor layer is
directly overlaid by the gate metal, that overlaps along its width.
Micrograph of  a Schottky 





TLM test structure with channel 
spacing 20 μm - 100 μm.
FIGURE 6.20: Zoomed micrographs of a Schottky diode for C-V
measurement and a transmission line method (TLM) structure
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FIGURE 6.21: Central region of microelectronic device chip
with transistors and diodes.
The central part of the chip shown in Fig. 6.21 comprises of Schottky
diodes and additional transistors. The large circular diodes, each has a diode
diameter of 300 µm. Each of the two elongated Schottky diodes has a diode
area measuring about 25µm × 1520 µm. For the transistors located on the
central region of the chip, the gate width was kept constant while the gate
length increases from 10 µm to 80 µm.
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Some test devices incorporated in the device chip other than transistors
were used for assessment of device performance. These include the transfer
line method (TLM) test structure and a circular Schottky diode with a diam-
eter of 300 µm Schottky in Fig. 6.20. The circular diode was analysed using
capacitance-voltage C-V measurement to estimate barrier height and donor
concentration. The TLM structure consists of ohmic contact pads on the ZnO
channel layer with a spacing of 20 µm - 100 µm and is used to determine the
contact resistance of ohmic contacts.
It is of note that not all the transistor devices and test structures were used
for analyses and assessment of device performance. For each fabricated chip,
there is a good number of devices on the chip operational and suitable to
confirm transistor behavior and assess performance. For example, MESFET
devices with circular geometry shown in bottom right of Fig. 6.19 were ex-
cluded for analyses as some of the devices were not operational in the series
of fabrications made due to the short-circuiting of terminals.
6.4 Device characterization
In this section, the techniques used for the characterization of the fabricated
TFTs are outlined. The transistor characterization performed is based on the
standard methods that are used for silicon-based transistors. The two main
characteristic parameters for performance assessment of transistor devices
are the transfer ( ISD vs VG) and output (ISD vs VSD) characteristics plots.
In addition to the drain current, the behavior of the leakage current un-
der gate bias during the extraction of both the output and transfer plots of
the transistor can also serve as performance and comparison metrics. Thus,
other important transistor performance parameters such as turn-on voltage
VON, threshold voltage VTH, current modulation ratio Ion/Ioff, sub-threshold
swing, and channel mobility can be extracted for a TFT. These transistor per-
formance metrics and the results for ZnO based transistor devices are dis-
cussed in chapter 7.
6.4.1 Measurement Setup
The measurement of current-voltage (I-V) characteristics of devices was car-
ried out using an HP 4155B semiconductor parameter analyzer. The parame-
ter analyzer is equipped with four independent source/measure units (SMU)
that can serve as a source of voltage or current and measure the resultant
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FIGURE 6.22: A Semiconductor parameter analyzer (left) and a
probe station used for I-V characterization of fabricated MES-
FET devices.
current/voltage. Usually, the SMU is set to sweep voltage or current from an
initial set point to final value with a specified step size. All sweep input to the
parameter analyzer was remotely controlled via an in-house developed con-
trol program written in LabVIEW. Output results of measurement are stored
as delimited text files which can be plotted and with further data analyses
possible.
The HP 4155B parameter analyzer is linked to a probe station with mea-
surement probes attached to the micron range manipulator arm. Under the
guidance of a microscope attached to the probe station, the probe tips are
placed on the terminals of the device for electrical characterization via inputs
from the parameter analyzer.
For temperature-dependent I-V measurements, a Temptronic TP03000 sys-
tem equipped with heating and temperature controller is connected to the
stage of the prober. This allows for controlled heating of the sample fixed to
the stage with a conductive paste. The maximum temperature achievable by
the Temptronic TP03000 is about 140◦C. Therefore elevated temperature I-V
measurements were performed from room temperature up to 130◦C.
6.4.2 Capacitance-Voltage Measurement
For the C-V measurement of the diodes, a 1 MHz Boonton capacitance meter
was connected to the terminals of the probes. Two probes were used to make
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electrical contact with the contact electrodes of the Schottky diodes. Voltage
bias of 2 V to -2 V was supplied via the parameter analyzer which enables
capacitance to be measured with respect to a bias voltage. Measurement of
diode capacitance was quantified as analog output from the capacitance me-
ter and sent through the SMU of the parameter analyzer where measurement
data is recorded and stored.
6.5 Summary
A metal and n-type semiconductor in an ideal contact behave as either
as ohmic contact (Φm < Φs) or Schottky barrier (Φm > Φs ) depending
on the work functions of the metal/semiconductor.
A Schottky contact results in upwards band bending and a potential
barrier to the flow of electrons from a semiconductor to the metal. A
depletion layer is formed in the interface between the metal and semi-
conductor junction.
An externally applied forward bias voltage reduces the band bending
and potential barrier for electrons. Conversely, a reverse bias voltage
increases the band bending and the potential barrier.
Fabrication of microelectronic devices such as MESFETs by photolithog-
raphy using photomasks involve various fabrication steps. For MES-
FET fabrication, a mask for each photolithographic step was designed
for etching/isolation of the channel region, and metallization steps in-
volving deposition of metals or oxidized metal electrodes as ohmic or
Schottky contacts.
In the fabrication steps described in the chapter, electron beam evap-
oration was used to deposit a bi-layer of Ti/Au ohmic contact while
RF sputtering was used to deposit thin layers of oxidized metals (e.g.
AgOx) as the Schottky contact.
Device characterization for fabricated MESFETs was primarily done us-
ing a semiconductor parameter analyzer connected to a probe station




7.1 Introduction and Motivation
ZnO is a semiconductor that continues to attract substantial research inter-
est as a material of choice for a range of electronic applications in the opto-
electronic industry. Some of its interesting properties include its wide band
gap (≈ 3.4 eV), high charge mobility, transparency and ability to undergo de-
position and processing at low temperature. Additionally, ZnO is amenable
to both wet and dry etching [94], an important property desirable for semi-
conductor processing techniques for optoelectronic applications. These prop-
erties of ZnO make it a potential semiconductor of choice for electronics that
are inexpensive but can be of high electronic performance. Some research
works are available focussing on ZnO film as the active conducting layer in
thin film transistors [142, 58, 51]. As an integral component in modern elec-
tronic devices, factors relating to transistor such as performance, reliability,
and cost of production need to be considered.
The mist-CVD as a solution processed method for growth of oxide thin
films offers some advantages over high and ultra-high vacuum techniques
such as PLD and MBE, in that film deposition do not required energy con-
suming vacuum pump systems. Additionally, the mist-CVD is operated at
atmospheric pressure with environmentally friendly precursor salts enabling
an economical way of producing ZnO films that can be upscaled for large
area and high throughput depositions. Despite the advantages that mist-
CVD offers, only a few research works have been reported on mist-CVD de-
posited films for electronic applications.
In the past decade, oxide semiconductors have drawn the interest of re-
searchers, with a recent incorporation of oxide based thin film transistors
(TFT) in commercial display devices [249]. Thin film transistors based on
amorphous silicon and polysilicon have dominated the active matrix display
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technologies and large area LCD displays for more than three decades. How-
ever, the performance of TFT made from amorphous silicon is affected by
light sensitivity and degradation in addition to inherent low channel mobil-
ity. Even with higher mobilities that can be achieved with polysilicon TFT
(between 50 - 500 cm2/Vs), its opacity limits its use for active matrix display
applications. As a transparent oxide semiconductor, ZnO when used as a
channel for TFT potentially overcomes some of the shortcomings of silicon
based TFT technologies for display [54].
A known problem preventing the full establishment of ZnO based trans-
parent electronics comes from the difficulty in having a reliable and repro-
ducible ZnO of p-type. An option that partly overcomes this limitation is by
using a metal-insulator field effect transistor (MISFET) based on ZnO or other
related semiconductors. However, MISFETs require a high operating voltage
as a result of voltage drop across the insulator-semiconductor junction and
suffer from reduced switching speed due to decreased channel mobility from
carrier scattering at the interface [60]. Instead, a MESFET with a Schottky
junction as the gate rather than an insulator typically offers reduced operat-
ing voltage and higher channel mobility compared to MISFET, with charge
mobility equal to that of the semiconductor material in the ideal case. For
the purpose of quantifying efficiency and performance of a given TFT, figure
of merit parameters such as Ion/Ioff ratio, channel mobility, threshold voltage
and sub-threshold swing should be within acceptable values. For a transistor
to find application in active matrix liquid crystal display (AMLCD), channel
mobility of at least 1 cm2V−1s−1 and Ion/Ioff ratio of 106 should achieved for
large and ultra high definition display technologies [72].
This chapter presents the performance characteristics of MESFET struc-
tures fabricated on cheap mist-CVD deposited ZnO films which serve as ac-
tive conducting channel layer for the transistor devices. Demonstrating ex-
cellent transistor characteristics with mist-CVD deposited ZnO films shows
the promising potential application of ZnO based electronic devices that are
both cheap and also of high performance.
7.2 Results and Discussion
Fabrication of micro-electronic device chips with MESFET structures followed
the steps as outlined in chapter 6. All samples of ZnO films used in the
MESFET device fabrication were deposited on the r-plane sapphire substrate
(11̄02) at atmospheric pressure using a mist-CVD thin film deposition system
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TABLE 7.1: Electrical properties of deposited ZnO film before
and after annealing in O2 atmosphere at 700◦C
As grown Annealed
Charge concentration, n (cm−3) 5 × 1017 3 × 1017
Resistivity ρ(Ω.cm) 1.55 1.64
Hall mobility µH (cm2/Vs) 8.0 9.7
as described in chapter 4. A fabricated microelectronic chip contains transis-
tors of various dimensions and geometries in addition to other test structure
including diodes and transmission line measurement device (TLM). Electri-
cal characterization of transistor devices was performed according to the ex-
perimental procedure described in section 6.4. The discussions of perfor-
mance characteristics of transistors will first focus on devices fabricated on
ZnO film channel with a thickness of approximately 43 nm that utilizes AgOx
as Schottky gate material. Subsequently, a discussion on the effects of chan-
nel thickness and gate material on the performance characteristics of transis-
tors is presented.
Table 7.1 shows the electrical properties of as grown ZnO film layer with
a thickness of 43 nm before and after annealing which acts as active chan-
nel in transistor fabrication. Hall effect measurements at room tempera-
ture indicate that as grown ZnO film has charge carrier concentration n =
3× 1017cm−3, Hall mobility µH = 9.7 cm2V−1s−1 and resistivity ρ = 1.6 Ω.cm
after annealing in O2 atmosphere. As can be deduced from the table, only
small changes in carrier concentration, resistivity and mobility were mea-
sured post-annealing. The minimal changes after annealing is associated
with the relatively small thickness of the channel which makes it more sus-
ceptible to effects such as dislocations and strain. In contrast, improvement
in charge mobility and increase in film resistivity have been observed for
thicker films above 100 nm annealed in oxygen at 700◦C. Increase in resistiv-
ity post-annealing can be generally attributed to decrease in oxygen vacan-
cies through the adsorption of oxygen at grain boundaries or the evaporation
of Zn interstitial after diffusing to the film surface. Increase in charge mobil-
ity post-annealing is associated with larger grain sizes and improved film
compactness and crystallinity.
As can be seen later in the chapter, the thickness of the active channel
layer plays a key role in the performance characteristics of the transistor de-
vice. Increased channel thickness has been observed to be associated with
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reduced transistor performance parameters such as increased leakage cur-
rent and decreased Ion/Ioff ratio [248]. The choice of a 43 nm thick film for
the initial fabrication of transistor devices was based on available informa-
tion from the work of Frenzel [58], indicating that relatively thicker films with
net carrier concentration approximately 1018 cm−3 result in degraded transis-
tor performance properties compared with transistors made from ZnO films
with thickness less than 50 nm and carrier concentration ∼ 5× 1017 cm−3.
Almost all of the subsequent discussions on performance characteristics are
for MESFETs fabricated on a 43 nm thick ZnO film layer as active conducting
channel using AgOx as Schottky gate contact. The effect of channel thickness
in device performance is presented in section 7.4.
7.2.1 Schottky Barrier Characteristics
The characteristic behaviour of the MESFET is strongly determined by the
nature of the gate contact material with a high Schottky barrier desirable for
device operation. Since the Schottky diodes crucial in the performance char-
acteristics of MESFETs, the I-V characteristics of Schottky diodes integrated
in the device chip are analysed.
Figure 7.1 depicts the room temperature I-V characteristics plot for two
Schottky diodes fabricated on a 43 nm thick ZnO channel with AgOx as gate
material. The diode geometry for one of the diodes is circular with a diameter
of 300 µm and the other diode has an elongated gate geometry measuring 25
×1520 µm. These two Schottky diode devices do not serve as gate electrodes
for MESFET devices, and hence no drain terminal is part of the structure. In
contrast, the I-V plot for a source-gate diode that forms a MESFET device
defined by gate W/L = 100/5 µm is shown in Fig. 7.2.
The conventional thermionic emission theory is used to model current
transport through the Schottky gate which assumes that the net current of
the device is due to thermionic emission and that parameters such as barrier
height and ideality factor are independent of the applied voltage. Based on
the thermionic theory outlined in section 6.2.3, the I-V relation for a Schottky
barrier diode with applied forward bias voltage, neglecting series resistance











where Va is the applied forward bias voltage, η is the ideality factor, T is the
temperature and I0 is the reverse saturation current which can be found from
the straight line intercept of ln(I) vs applied voltage plot shown as inset in















FIGURE 7.1: Schottky diode I-V characteristics plots for a circu-
lar and elongated gate geometry.
W/L = 100/5 µm
S G
FIGURE 7.2: Schottky diode I-V characteristics plot of a source-
to-gate contact electrode with diode L × W = 5 µm × 100 µm.
Inset graph - plot of ln(I) vs VF used to find saturation current.
Fig. 7.2. The reverse saturation current I0 is given by
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where q is the electron charge, A∗ is the effective Richardson’s constant taken
as 32 A/cm2K2 for n-type ZnO, T is the temperature in Kelvin, kB is the Boltz-
mann’s constant and ΦBn is the effective barrier height at zero bias obtained
from Eq. 7.2. For a bias voltage higher than 3kT/q, the ideality factor η can
be obtained from the slope of the linear region of the I-V characteristics curve







The ideality factor takes into account the difference in the measured I-V
characteristics with that of the ideal thermionic emission model. An ideal
Schottky diode should have η value of unity. The values of the ideality factor
found for the diodes are all higher than unity, typically expected for an ideal
diode. Deviation of η from unity can be attributed to the presence of interfa-
cial layers at the AgOx and ZnO interface, barrier height inhomogeneity or a
voltage-dependent image force lowering [251]. The I0 value was determined
to be 8× 10−17 A. The I0 value was used to find the Schottky barrier height
(SBH) by rearranging Eq. 7.2.






The SBH qΦBn and the ideality factor η found for the elongated Schottky
diode as shown in Fig. 7.1 is 1.20 eV and 1.35 respectively. The elongated
diode also has a diode rectification ratio (RR) as high as ∼ 109. For the diode
with a circular gate, SBH = 1.16 eV and η = 1.43 with RR = ∼ 108. The SBH
determined for the source-gate barrier shown in Fig. 7.2 is 1.13 eV with ideal-
ity factor η = 1.82. The slight difference in extracted diode characteristics can
be attributed factors that may include inhomogeneous barrier heights, differ-
ences in contact area, and variations in contact and series resistance due to
differences in geometry.
For a MESFET to be operational with good performance characteristics, a
Schottky gate electrode with high barrier is needed. The values of SBH deter-
mined for oxidized silver AgOx as gate contact described are all higher that
what is reported for pure Ag metal Schottky diodes. The review by Ozgur
et al, [173] reports SBH ranging between 0.68 eV - 0.84 eV for pure Ag metal
Schottky diodes. The obtained SBH ΦB between 1.13 - 1.20 eV for the Schot-
tky diodes analysed is comparable to a maximum SBH of 1.20 eV reported
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for a AgOx Schottky diode fabricated on a bulk ZnO wafer [2]. An investi-
gation on Schottky barrier properties and its effect on transistor performance
characteristics for other oxidized noble metals is discussed in section 7.5.
7.2.2 Diode C-V Measurement
C-V measurement carried out at room temperature was used to estimate the
net donor concentration of the channel semiconductor. A relatively large area
circular test structure diode with a radius of 150 µm available on the fabri-
cated device chip (micrograph showed on the inset of Fig. 7.1) was chosen
to perform the C-V analyses. The measurement procedure was performed
under forward and reverse bias voltages at 1 MHz frequency as described
in section 6.4. A metal-semiconductor junction leads to the formation of a
depletion region between the semiconductor and metal materials forming a
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FIGURE 7.3: (a) C-V characteristics plot of AgOx Schottky diode
structure fabricated on 43 nm thick ZnO film. (b) A Mott-
Schottky analysis plot of 1/C2 against bias voltage.
A graph of measured capacitance as a function of bias gate voltage is rep-
resented in Fig. 7.3(a). The graph shows that as the reverse bias voltage
becomes increasingly negative, the capacitance decreases indicating that the
depletion layer thickness increases with reverse bias voltage. The peak in
the capacitance is related to charge trapping by interface states and effects of
series resistance [233, 110]. For a Schottky diode junction with area A that is
under a reverse bias voltage V, the depletion layer capacitance C is given by








where Vbi is the built-in potential, εs is the dielectric constant of the semicon-
ductor, ND is the donor concentration and A is the area of diode.
Mott-Schottky analysis which is a plot of 1/C2 against V as shown in Fig.
7.3(b) is a commonly used method for finding donor concentration and built-
in potential Vbi from the slope and intercept with the voltage axis. The slope
of the graph is used to determine the ND to be 1.4 × 1018cm−3. To obtain
Vbi an anomalous behavior is observed in which the extrapolated intercept
with the voltage axis gives a negative built-in potential. An explanation is
based on the fact that the overall Mott-Schottky capacitance analysis relies
on the depletion approximation which assumes that there are no free carri-
ers in the depletion region. For a very thin film layer where the thickness of
the depletion layer is comparable to the film thickness, the depletion layer
approximation is no longer valid and leads to erroneous results in both the
built-in potential and donor concentration [125]. Further, for a material with
low donor density, effects of chemical capacitance (also called diffusion ca-
pacitance) that describe measured capacitance being dominated by charge
carriers injected from the metal contact instead of charges from the donor
atoms lead to misinterpretation of C-V measurements [113].
As noted by Ref. [113], the use of Mott-Schottky analyses for thin films
of 100 nm and below, with low donor concentrations can lead to erroneous
results. In particular, the violation of depletion approximation can lead to a
strong underestimation of built-in potential. Based on these, the interpreta-
tion of such C-V analyses should be done with care. Other considerations
to be made on interpretation of C-V analyses include systematic errors asso-
ciated with instrument problems such and parasitic inductance originating
from the measurement leads, that degrade accuracy of measured capacitance.
Also, there is frequency dependence on measured capacitance, with higher
capacitance typically measured at low-frequency [121].
7.3 Transistor Performance
In this section, results and assessment of performance parameters for transis-
tors are discussed in relation to the electrical measurements done on micro-
electronic transistors fabricated on a 43 nm thick ZnO film sample using
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AgOx as Schottky gate. The key aspects of transistor performance are gener-
ally assessed from the output and transfer characteristics plots. Some other
performance measures such as transconductance, channel mobility and sub-
threshold slope are derived from these plots.
7.3.1 Output and Transfer Characteristics
The microelectronic device chip has several transistor test structures which
are used to characterize the effect that variations of the transistor geomet-
ric design can have on the performance characteristics. Two important per-
formance metrics for characterizing a transistor device are the output and
transfer plots. The output characteristics is a plot of source-drain current ISD
as a function of source-drain voltage VSD for different gate voltages VG. The
transfer characteristic curve is a plot of source-drain current ISD against vary-
ing gate voltages VG at a constant source-drain voltage VSD. The output and
corresponding transfer characteristics of a MESFET device defined by W/L =
100/5 µm, plotted on linear scale of ISD axis is shown in Fig. 7.4. For the
output plot, the source-drain voltage VSD was varied from 0 - 3V while the
gate voltage was increasingly reverse biased starting from VG = 1 V with a
step of -100 mV to VG = - 0.4 V. The transfer characteristics plot was acquired
by maintaining VSD constant at 3 V, ensuring saturation of the channel, while
the gate voltage is increasingly reverse biased starting from VG = 2 V.
The characteristic curves depicted in Fig. 7.4 is clearly a textbook example
of a field effect transistor behaviour with a clear pinch-off and saturation of
the drain current modulated by the gate voltage VG. The output curve shows
that when the applied VSD is small, the drain current is linear with the applied
voltage (ohmic region). As the VSD increases further, saturation of the drain
current occurs at the pinch-off point beyond which further increase in VSD,
do not result to a substantial change in the drain current. The drain current in
the saturation region is dependent on the gate voltage VG, increasing in value
for higher gate voltage. The linear scale transfer characteristics plot show
very low drain current below a threshold gate voltage and an almost linear
increase of drain current above the threshold gate voltage. The transfer plot
in linear scale allows for the extraction of threshold voltage of a transistor
device.
Further transistor performance metrics can be derived from the trans-
fer characteristic plotted on a logarithmic scale. This is shown in Fig. 7.5
which graphs transfer characteristics of transistors defined with a constant
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FIGURE 7.4: Linear scale output and transfer characteristic
plots of a transistor defined by gate W/L = 100/5 µm fabricated
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FIGURE 7.5: Logarithmic-scale transfer characteristics plots of
MESFET structures with a gate width W = 100 µm and varying
gate lengths, L = 5µm - 25 µm.
gate width W = 100 µm, but with increasing gate length from L = 5 µm -
25 µm on a logarithmic scale. Transfer plot in logarithmic scale allows for
improved assessment and observation of effects on the drain current due to
gate voltage. As the gate voltage becomes more reverse biased, the drain
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FIGURE 7.6: Output characteristic plots for MESFETS struc-
tures with gate width W = 100 µm and varying gate length L
= 10µ - 25µm.
current continuously decreases due to the widening of the depletion layer.
With further negative biasing of the gate, the channel is completely depleted
leading to the cut-off of the current to the drain. The reverse leakage current
was found to be in the range of pico-amperes. The transistor Ion/Ioff current
ratio(current modulation ratio) of 1.7 ×107 was found for a MESFET device
with gate W/L = 100/5µm.
It can be deduced from the transfer plots in Fig. 7.5 that maximum on-
state drain current measured at VG = 2 V decreases as the gate length is in-
creased at a fixed gate width. The Ion/Ioff ratio reduced by an order of mag-
nitude from approximately 107 to 106 with gate length increase from 5 µm to
25 µm. The reverse leakage current was not observed to substantially change
with increased gate length. As the length of the gate increases, the area of
the field effect charge cloud when a gate voltage is applied enlarges thereby
150 Chapter 7. ZnO-Based MESFETs
increasing current resistance from the source to the drain. The output char-
acteristic plots for other transistor structures on the device chip defined with
a constant gate width W = 100 µm with varying gate lengths from 10µm - 25
µm is shown in Fig. 7.6. These graphs generally depict increase in transis-
tor output drain current for reduced gate length. All of the transistors show
field-effect induced drain current saturation and pinch-off that is modulated
by the gate voltage.
To investigate the effect of gate width-to-length ratio (W/L) on the drain
current of MESFETs, two different arrays of MESFETs fingers fabricated on
the chip were chosen for the analyses. The first array, tagged Array(A) in
Fig. 7.8 contains 10 transistor devices with a common gate terminal, and
fabricated on a continuous ZnO channel layer (all devices not shown on the
micrograph). Five transistors in the array have a fixed gate length L = 5 µm,
with gate width varying from 10 µm to 50 µm. The five other transistors have
a constant gate width of W = 50 µm but with variation in gate length from
5µm to 25 µm. This array was used to determine drain current at gate W/L
ratio ranging from 2 to 10.
The transfer characteristics of all the transistor structures in Array(A) is
plotted in Fig. 7.7. Transfer plots for fixed gate width W as depicted in the
graph of Fig. 7.7(a) show a decrease in the on-state drain current as the gate
length increases. Conversely, transfer curves in Fig. 7.7(b) show that on-state
drain current increases for larger gate width at a fixed length. This trend is
in line with field effect transistor characteristics which based on Eq. 6.19,
the conductance through the transistor channel is directly proportional to its
width-to-length ratio (W/L).
Similar to the array described above, another set of transistors tagged as
array(B) as shown in Fig. 7.8 contains devices, also fabricated on a contin-
uous ZnO film as channel layer. The transistor structures each has a gate
width, W = 200 µm but with varying gate length L = 5 - 25 µm. This array
enabled the assessment of transistor drain current for gate W/L ratio varying
from 8 - 40.
The variation of the drain current in the saturation region measured at
source-drain voltage VSD = 3 V and a gate voltage VG = 2 V is represented in
Fig. 7.8. As expected of field effect transistor devices, the channel conduc-
tivity for both arrays measured through the drain current is proportional to
the W/L ratio of the device. The linear relationship between the drain cur-
rent and the W/L ratio of the transistor is consistent with Eq. 6.25, indicating
direct proportionality between drain current and gate W/L ratio when other
7.3. Transistor Performance 151
variables are kept constant.
An interesting observation from the plot shows that for the two arrays
where W/L is equal to 8 and 10, the drain current was higher in array B than
in array A. This somewhat appears to be anomalous considering that MES-
FET array(B) has ZnO film layer with a width of 200 µm compared to the
maximum channel width of 50 µm for array(A). Thus, without considering
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FIGURE 7.7: Transfer plots for MESFETs fabricated on a 43 nm
thick ZnO with (a) W = 50 µm, and L varying from 5 µm to 25







FIGURE 7.8: Variation of drain current as a function of gate W/L
ratio for arrays of MESFETs.
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other factors, the current should be higher for the channel with larger width
and lower resistance. An explanation for the increased current for a channel
layer with higher resistance is based on the varying area of the Schottky gate.
Since the gate electrode controls the channel opening, the contact area for the
gate electrode in MESFET array(B) is higher, and thus restricts current more
effectively than in array(B), even for transistors with the same W/L ratio.
7.3.2 Threshold Voltage/Turn-On Voltage
The threshold voltage VTH determines the value of the gate voltage above
which the transistor begins to conduct and is typically extracted from the
transfer characteristics plot. For an n-channel enhancement mode FET, cur-
rent conduction through the channel is not established without a positive
gate bias voltage, turning on the transistor. Conversely, a depletion mode
FET has a conductive channel that exists naturally thus, VTH does not nec-
essarily correspond to a turn on voltage for depletion devices but ambigu-
ously indicates a gate voltage at which the channel is wide enough to enable
electrons to flow unrestricted. Several extraction methods are employed to
determine the threshold voltage VTH of a transistor [170], with obtained val-
ues that are dependent on the method used. Particularly for micro-electronic
transistor devices, short channel effects such as drain induced barrier low-
ering (DIBL) play a part to further create ambiguity in the extracted VTH .
Likewise, VTH is affected by several device parameters such as gate width,
gate overlap, gate length and temperature [208].
TABLE 7.2: Threshold voltage/Turn-on voltage for MESFETs of
varying gate lengths.
Length (µm) VTH† (mV) VTH § (mV) VON (mV)
5 2 29 -477
10 59 101 -380
15 135 188 -327
20 125 147 -256
25 146 207 -207
† VTH derived from extrapolating of
√
ISD vs VG plot.
§ VTH extrapolated from linear region of transconductance plot.
A method for VTH extraction that involves the extrapolation of the linear
region of
√
ISD vs VG plot is widely used in MOSFETs and MISFETs. This
method assumes a square law relationship between the drain current and
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the gate voltage in the saturation region, hence VTH can be extracted by plot-
ting
√
ISD against VG. This extraction method was applied to estimate the
threshold voltage of fabricated MESFET devices and is depicted in Fig. 7.9.
Another extraction method proposed by [217] derives VTH by extrapolating
the linear part in the plot of transconductance vs. gate voltage (see Fig. 7.10).
Additionally, VTH can be extracted by simply extrapolating the linear part of
the transfer plot to zero gate voltage for channels that are not in pinch-off
state. These methods are inherently affected by the choice of data points in
the linear region and dependent on the assumptions of the models. It is often
typical for transistor devices to deviate from the assumed ideal behaviour
underlying the extraction method.
Linear fit to 
extract VTH
VON ≈ - 0.5
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FIGURE 7.9: Extraction of threshold voltage VTH and turn-on
voltage VON for MESFET structure with W/L = 100/5 µm.
A more preferred assessment parameter is the turn-on voltage VON which
reduces the ambiguity and variabilities based on the extraction method used.
The VON is simply defined as the gate voltage at which the drain current
starts to substantially increase as seen in the log(ISD) vs. VG graph. The graph
in Fig. 7.9 shows a method of finding VTH by extrapolating the linear region
of
√
ISD vs. VG plot in addition to extracting VON from a plot of log(ISD)
vs. VG. Further, as can be observed on Table 7.2 which shows VTH and VON
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for transistor structures with defined gate width of 100 µm but with vary-
ing gate lengths, the VTH value determined by two different methods gave
varying results. One may even classify these devices as enhancement mode
transistors based on their VTH value. However, VON shows that negative cut-
off gate voltage is required to deplete the channel implying that these devices
are normally on at zero bias gate voltage and therefore considered depletion
mode transistors.
7.3.3 Transconductance
The transconductance usually symbolized as gm with unit Siemens (S) is used
to determine the current operating region for the transistor device obtained
as a ratio of the change in drain current with respect to the gate voltage dISDdVG at
a constant VSD. The gain of a transistor device is constrained by the transcon-
ductance. The use of transconductance is however, of limited use for wide
comparisons of transistors fabricated on different materials and geometries
since transconductance is dependent on the physical size of the device.
VTH extracted by extrapolating 
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The hump connotes
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FIGURE 7.10: Transconductance plot for MESFET structures
with a gate width of 100 µm, with varying gate lengths. Inset -
The transconductance is used to estimate the channel mobility
using Eq. 7.7.
The transconductance plot for MESFETs with gate width of 100µm, and
varying gate length from 5µm to 25µm is shown in Fig. 7.10. As expected
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based on theory of FETs and physical meanings of Eqs. 6.19, the transcon-
ductance inversely varies with the channel length. The point of maximum
transconductance occurs approximately at a gate voltage of 1.0 V. For a gate
length increase from 5 µm to 10 µm, a change in gm is from about 8µS to 5.5µS
corresponding to a percentage difference of 45%. This change in transcon-
ductance consistent is with simulation studies on field effect transistors re-
ported in the literature [155]. A higher value of transconductance implies
that the gate has a better control of the channel which potentially leads to
improved current gain and high frequency capabilities [154].
7.3.4 Channel mobility
The channel mobility indicates the ease at which charge carriers move through
the device and is one of the most important device performance metrics. The
channel mobility is affected by the method of fabrication, semiconductor ma-
terial, lattice vibration, grain boundaries, impurities, and defects [155, 182].
The intrinsic mobility of the ZnO film semiconductor material serving as the
active channel is obtained from Hall measurement. However, in a TFT de-
vice, it is typical for the mobility to deviate from that of the film material. The
mobility of charge carriers are reduced by scattering from the interface of the
M-S junction.
The channel mobility given in Eq. 6.19 based on the theoretical back-





where g0 and ND are the maximum transconductance and donor density re-
spectively, h is the channel thickness while L, W represent the length and
width of the gate. However, finding the channel mobility using the above
equation is very sensitive to the value of ND with an estimated result that
can be largely inaccurate especially with low donor concentration and small
thickness of film below 60 nm. For very thin films, channel depletion is fast
over a short range of bias voltage. The channel mobility can be extracted






where g0 is the maximum transconductance determined from the transfer
characteristics plot of the MESFET, h is the thickness of the channel while
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VTH is the threshold voltage determined by the linear extrapolation of
√
ISD
vs. VG as shown in Fig. 7.9. The dielectric constant εs is taken as 8.5 for ZnO.
A plot of channel mobility calculated from Eq. 7.7 is shown in the inset
of Fig. 7.10. The hump in the plot estimates the maximum channel mobil-
ity which corresponds to the VG that gives the maximum transconductance
across the device. The plot depicts a decrease in µch with increase in the gate
length of the transistor devices. It shows that mobility of the carriers is de-
pendent on the gate voltage VG with maximum mobility corresponding to
about the same gate voltage that yields the maximum transconductance. An
estimated maximum channel mobility extracted for a device with L = 5 µm
is about 4.3 cm2/(V.s) while for L = 25 µm, mobility was found to be 3.5
cm2/(V.s). Increased channel mobility for shorter gates is associated with
fewer traps in the grain boundary at decreased gate lengths [155]. Addition-
ally, the drain current is a product of width-to-length ratio W/L and mobility,
hence a decrease in gate length results in an apparent increase in the mobility
[83].
The channel mobility µch is about half the value of carrier mobility µH of
the underlying ZnO film channel, derived from Hall measurement. It is de-
sirable and a key merit of MESFETs as opposed to MISFETs, for the channel
mobility of the device to match that of the underlying semiconductor mate-
rial. However, a reduction in the mobility of carriers in the fabricated device
is associated with the M-S interface which provides means of charge scatter-
ing and reduces mobility of charge carrier through the channel.
7.3.5 Sub-threshold Slope
The sub-threshold slope S quantifies the switching ability of the transistor
and corresponds to the value of gate voltage VG that will increase/decrease
the ISD by one decade. The sub-threshold slope is related to the density of
surface trap states in the semiconductor band gap [246]. The S value is ex-
tracted from the transfer characteristic plot of log(ISD) vs VG plot by taking






The extracted S value was 118 mV/decade for a MESFET structure defined
by channel W/L = 100/5 µm of with S obtained for other MESFETs struc-
tures ranging between 116 - 125 mV/decade depending on the selected data
points used for the linear fit. This is in agreement with numerical simulation
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studies on FET reported by Mittal et al, [155] where the sub-threshold slope
varies slightly and shows an almost constant behaviour for top and bottom
gate transistor devices with gate lengths from 5µm - 40 µm. It is desirable to
have a low value of S since a smaller value implies that a smaller change in
gate voltage is required to turn the transistor from off-state to on-state and
thus, less power consumption. In addition to a VTH value as close to 0 V as
possible, a sub-threshold slope of <100 mV/decade is desirable in order to
reduce power consumption and operating voltage of the device [182]. The
switching capacity quantified through our sub-threshold slope for the fabri-
cated transistors is substantially lower than ∼600 mV/decade obtainable in
a-Si MOSFET devices [130].
7.3.6 Contact Resistance Analyses
Another parameter that affects the performance of TFT devices is the contact
resistance. The quality of connection made by the source/drain electrodes
on the active semiconductor layer plays a role in the transistor operation. On
the source and drain contacts, it is desirable to have an ideal ohmic contact
with very low contact resistance - i.e. source/drain contacts with no barriers
such that current flows irrespective of the polarity of the voltage.
FIGURE 7.11: Illustration of how a TLM structure comprising






FIGURE 7.12: Current crowding at the edge of a contact. There
is an exponential drop in current away from the edge
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An ohmic M-S interface can have a linear I-V characteristics behaviour but
with either a low or high contact resistance. Conversely, it can also be non-
ohmic and with a low or high contact resistance. When an ohmic contact has
a high contact resistance, it induces a voltage drop at the source/drain con-
tacts which influences the electrical performance of the device. For TFTs with
a short channel, the gate length may be so small that the contact resistance
dominates that of the channel resistance, making the electrical characteris-
tics susceptible to the contact resistance. Some of the effect of high contact
resistance may include worsening of transconductance and reduction of car-
rier mobility [46]. The resistance measured on a semiconductor channel with
two ohmic contact pads consists of contributions from the metal contact, the
semiconductor channel and the metal-semiconductor interface. Since the re-
sistance of the metal contact is low compared to the interface, the resistance
of the metal is typically ignored for analyses of contact resistance. The to-






where Rs is the sheet resistance of the semiconductor, L and W represent
the length and width of the semiconductor channel and Rc is the contact
resistance associated with the M-S interface.
A transmission line measurement (TLM), also called transfer length mea-
surement consists of ohmic contacts with varying channel spacing which is
employed to assess the quality of ohmic contacts. The TLM enables three
parameters to be extracted based on the theoretical background illustrated in
Fig. 7.11. The slope of a plot of total resistance RT against channel spacings
is used to find the sheet resistance Rs if the contact width W is known. The
intercept at L = 0 is RT = 2Rc gives the contact resistance. The intercept at
RT = 0 is used to find the contact resistivity ρc. For comparison purposes,
specific contact resistivity ρc is a more preferred parameter since unlike con-
tact resistance, it is not dependent on the size of the contact. The relationship
between specific contact resistivity ρc and contact resistance Rc is given by
ρc = RcAeff (7.10)
where Aeff is the effective contact area responsible for current injection.
To better understand the concept of contact resistivity, diagram in Fig.
7.12 shows a metal contacted on top of a semiconductor. The flow of current
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TLM structure with channel 
spacing 20 µm – 100 µm
FIGURE 7.13: A plot of total resistance for different channel
spacings for a bi-layer of Ti/Au ohmic contact on ZnO film as
channel. Inset plot - focussed linear fit line extrapolated to zero
channel spacing for finding ρc and LT.
to the metal is not uniform, with distribution of the current density depen-
dent on the contact resistivity ρc. When ρc of the metal is small, the current
flows quickly into the metal using the edge of the contact area of the metal
for conduction. For higher ρc, the current conduction spread through a larger
area of the contact. At the edge of the contact, the current flow in and out of
the metal contact is quite significant but drops off until at the far edge, there is
no current. This phenomenon is termed "current crowding". Current crowd-
ing across the contact drops off exponentially with a characteristic length
known as the transfer length. The transfer length of the contact signifies the
length at which the voltage drops to 1/e of its original value. The transfer
length is the average distance the charge carrier travels in the semiconductor
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Eq. 7.10 can then be written in the form by substituting for Aeff













By extrapolating to RT = 0, LT is found which is used to find specific contact
resistivity using Eq. 7.12.
A TLM test structure with contacts of spacings ranging from 20 µm to 100
µm available in the device chip and shown as inset micrograph in Fig. 7.13
is used to estimate contact resistance of an ohmic contacts. For each channel
spacing on the TLM structure, a voltage of 0 - 2 V was passed through and
the current measured. The slope of the I-V plot was used to determine the
total resistance RT according to Ohm’s law. A plot of total resistance against
channel spacing is shown in Fig. 7.13. A linear regression line was fitted to
the plot which confirms the linear relationship between voltage and current
for the Ti/Au ohmic contacts.
The inset plot in Fig. 7.13 is a zoomed-in plot of line fit extrapolated to
the intercept on the x-axis and y-axis. The value of the contact resistance Rc
obtained for the bi-layer of Ti/Au contact is 517 Ω while transfer length LT
= 0.21 µm. The contact resistivity is found to be ρs = 3.67 ×10−4 Ω-cm. This
value is similar the value of 1 ×10−4 reported for Ti/Au ohmic contact on
epitaxial ZnO thin film [78]. Other values of contact resistivity reported for
Ti/Au contact on ZnO include 1.5×10−5 Ω-cm (n = 3×1018) [109] and 4.8
×10−5 Ω-cm [158].
The TLM method has some drawbacks in terms of accuracy of extracted
values. The method assumes that the sheet resistance under the contact is
equal to the semiconductor sheet resistance. Further, it also assumes a con-
stant electrical and geometrical contact parameters across the sample. How-
ever, such parameters are known to exhibit scatter across a sample.
7.4 Effect of active layer thickness
The thickness of the channel layer is very vital in the performance charac-
teristics of MESFET devices and has been shown to influence film surface
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morphology and also transistor performance characteristics including chan-
nel mobility, Ion/Ioff ratio and threshold/turn-on voltage [248].
To investigate the effects of channel layer thickness on the performance
characteristics of MESFET devices, two additional chips were fabricated on
ZnO film samples with different thicknesses. The thickness of one of the
samples is 30 nm, which is less than the previously discussed MESFET de-
vice. Additionally, another device chip was fabricated on a film with thick-
ness of 65 nm. The fabrication process including the choice of ohmic metals
and Schottky gate material (i.e. AgOx) is similar to that of the 43 nm thick
channel layer discussed so far.
For the ZnO film channel with thickness of 65 nm, charge carrier concen-
tration n of an as-grown film obtained from Hall effect measurement is 1.3
×1018 cm−3 while Hall mobility µH = 9.1±1.0 cm2/V.s and resistivity ρ = 3.4
×10−1 Ω-cm. Annealing in O2 at 700◦C reduced n to 7.6×1017 cm−3. Similar
to ZnO film channel layer with a thickness of 43 nm, no substantial changes
in the mobility and resistivity were measured after annealing, most likely
due to the small thickness of these samples. For the other ZnO film sample
that is 30 nm thick, a consistent and reliable Hall measurement could not be
obtained as the film conductivity was very low beyond the limit of measure-
ment by the Hall instrument. It is estimated that charge carrier concentration
n for this film sample will be ≈ 1016 cm3.
The comparisons of various transistor performance characteristics for the
different thickness of channel layers are shown in Figs. 7.14 and 7.15. These
comparisons are made on a MESFET structure defined by W/L = 100/5 µm
but with channel thickness of 30 nm, 43 nm and 65 nm. It is shown that the
drain current (at VG = 2 V) is highest for the thickest channel layer with ISD
found to be 146 µA, 17 µA and 3 µA for channel thicknesses of 65 nm, 43 nm
and 30 nm respectively. The transconductance plot follows a similar trend
on channel thickness dependence with maximum transconductance obtained
for the thickest channel layer.
The transfer characteristics plots for different channel thicknesses is shown
in Fig. 7.14(a). The turn-on voltage is shifted towards increased negative gate
voltage with increase in channel thickness. The turn-on voltage VON for the
30nm, 43nm and 65 nm channel layers are estimated to be -0.30 V, -0.6 V
and -3.6 V respectively. The extracted VON values were all negative and in-
crease in absolute value as the thickness of the channel layer is increased. A
large negative turn-on or threshold voltage is associated with the relatively
large number of free charge carrier concentration of the ZnO thin film active
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FIGURE 7.14: (a)Transfer characteristics plots and (b) Transcon-
ductance plots for MESFETs defined by channel W/L = 100/5
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FIGURE 7.15: Output characteristic plots for a MESFETs de-
vices defined by W/L = 100/5 µm fabricated on ZnO film active
channel layers of thickness (a) 30nm (b) 43 nm and (c) 65 nm.
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conducting layer. The transconductance plot in Fig. 7.14(b) follows a trend
where increased transconductance is associated with thicker channel layer
Even though the net donor density is expected to be independent of the
channel thickness for an intrinsic semiconductor, the number of free charge
carriers available for conduction is proportional to the channel layer thick-
ness. This accounts for the higher absolute gate voltage required to turn
off the drain current for a relatively thick channel layer. Also, as the chan-
nel thickness increases, the gate controllability over the channel decreases,
requiring a higher absolute gate voltage to completely cut-off current con-
duction. It is generally observed that transistor performance metrics such
as off-state current, Ion/Ioff ratio, channel mobility, transconductance, and
threshold/turn-on voltage are all dependent on the thickness of the channel
layers. For the MESFET structure defined with W/L = 100/5 µm that is fabri-
cated on a 65 nm thick film, the extracted channel mobility µch = 5.7 cm2/V.s
compared to values of 3.2 cm2/V.s and 1.0 cm2/V.s found for a transistors
with channel thickness of 43nm and 30 nm respectively. This observation of
channel mobility being dependent on the thickness of the conducting layer
is consistent with other reports [76, 166] as the mobility of charge carriers
through the channel is affected by interface traps and channel layer dislo-
cations [84, 59]. For a relatively thick film as an active conducting channel,
the carrier transport layer is farther away from the interface traps. Thus, the
effect of interface traps on the carrier mobility is weaker in thicker channel
layers.
TABLE 7.3: Schottky barrier and transistor properties for MES-
FET devices with gate W/L = 100/5 µm fabricated on ZnO chan-
nels of varying thicknesses.
Channel Thickness 30 nm 43nm 65 nm
RR 1.2×108 2.0×107 5.7×108
I0 (A) 3.3×10−17 9.1×10−17 1.1×10−17
η 1.52 1.82 1.1Source-Gate Diode
SBH (eV) 1.16 1.13 1.18
Ion/Ioff 7.5×106 1.7×107 2.0×107
µch (cm2/V.s) ∼1.0 ∼4.3 ∼5.7
VON (V) 0 -0.48 -3.45
VTH§ (V) 0.42 0.29 -2.20
Trasistor Characteristics
S (mV/dec) 85 118 125
§ VTH extrapolated from linear region of the transconductance plot.
RR : Rectification ratio
Comparison in the output plots in Fig. 7.15 shows that transistor output
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drain current at a given gate voltage is maximum for the MESFET device
with the thickest channel layer. All the devices exhibited typical transistor
behaviour with clear pinch off and saturation of the drain current modulated
by the gate voltage. As expected, the thickness of the channel layer affects
the output drain current at a given gate voltage and source-drain current.
At VG = 1 V and with VSD = 3 V, output drain current is measured to be
97 µA, 71 mA and 56 µA for MESFETs defined by gate W/L = 100/5 µm,
fabricated on ZnO channel layers with thicknesses of 65 nm, 43 nm and 30
nm respectively.
A summary of performance characteristics for MESFETs fabricated on dif-
ferent layer thickness of ZnO films is shown in table 7.3. It can be generally
concluded that the thickness of the channel layer has no substantial effect
on the source-gate diode properties. This observation is expected since the
source-gate diode should be dependent on the quality of the Schottky con-
tact. However, when the Schottky contact serves as a gate as seen in the
transistor performance metrics, the effect of channel layer thickness becomes
apparent as depicted in differences in threshold/turn-on voltage and channel
mobility among the samples.
7.5 Different Schottky gates
One of the important components of a MESFET is the gate for which its per-
formance determines the overall characteristics of the transistor. A MESFET
gate electrode with high Schottky barrier height and low leakage current is
desirable to have good device performance. To compare the gate dependent
performance characteristics, MESFETs were fabricated on samples of ZnO
films using different oxidized metals as Schottky gate electrodes. Each of the
devices was fabricated on a ZnO film deposited via the mist-CVD process
with thickness of 65 nm. First, a thin film of ZnO that serves as a conducting
channel was deposited on a 10 mm × 10 mm r-plane sapphire substrate, and
diced into four pieces. This ensures that all samples used for the experiment
have the same growth conditions and active layer thickness.
The fabricated MESFET devices employed a bi-layer of Ti/Au (∼50 nm
thick for each layer) as an ohmic contact electrode that is deposited using
electron beam evaporation under vacuum (base pressure 10−6 mbar). For
the Schottky gates, Ag, Pd, Ir, and Pt sputtering targets were used to re-
actively deposit ∼50 nm thick oxidized metal contacts for each fabricated
device chip through RF sputtering technique. Argon gas was used as the
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sputtering gas and is supplied into a vacuum deposition chamber at a flow
rate of 10 sccm. Oxygen gas was used as a reactive gas to form oxidized
metal oxides as Schottky gates instead of pure metals. The same deposition
FIGURE 7.16: (a) Source-gate diode I-V plots and (b) Trans-
fer characteristics of MESFETs defined by W/L = 100/5 µm
fabricated with different gate materials. Transfer characteris-
tics measured for MESFETs with varying gate length fabricated
with Schottky gate made of (c) AgOx (d) PdOx.
conditions were maintained for the different Schottky gate materials inves-
tigated. Detailed fabrication steps including the deposition of metal contact
electrodes have been outlined in section 6.3.7 of the previous chapter.
A comparison of performance parameters for MESFETs with different ox-
idized metals as Schottky gate is shown in Fig. 7.16. The source-gate diode
characteristics shown in Fig. 7.16(a) indicates improved current rectification
for the AgOx and PdOx gate contacts compared with IrOx and PtOx. Current
rectification ratio RR is measured to be about 8×108 and 6×106 for the AgOx
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and PdOx respectively. The SBH extracted for a PdOx gate diode with L ×W
= 5 µm × 100 µm is 0.94 eV.
Both IrOx and PtOx gate contacts show inferior diode characteristics with
current rectification ratio not exceeding two orders of magnitude. Since the
gate contact serves to modulate the drain current in a field effect transistor
device, a similar trend is shown in the transfer characteristics plots in Fig.
7.16(b). The maximum drain current Ion/Ioff ratio was recorded for transis-
tor device with the AgOx gate. Despite the higher Ion/Ioff ratio obtained for
AgOx Schottky gate, PdOx showed lower turn-on and threshold voltages.
This implies a lower operating voltage for the PdOx gate device with less
voltage required to turn on and turn off current conduction. Figs.7.16(c)-d
show a gate length dependent transfer plots for MESFETs with AgOx and
PdOx gate contacts. Output characteristics plots for MESFETs of varying
gate lengths with AgOx and PdOx gates are shown in Fig. 7.17, confirming
typical transistor characteristics. Deviation in the output curves at low VSD
and relatively high gate voltage seen for MESFETs with PtOx Schottky gates
is associated with gate leakage current across the barrier into the channel.
MESFETs are inherently low-voltage devices for which gate leakage current
signifies a violation of depletion region approximation leading to distortions
in mathematical models for transistor characteristics curves.
All of the performance characteristics quantified with the diode, trans-
fer and output measurements for PtOx and IrOx transistors showed inferior
performance characteristics. These devices showed high leakage current and
low Schottky barrier height without exhibiting the typical transistor charac-
teristics. The results of a recent thesis [87] showed that the rectification ratio
in oxidized noble metal Schottky contacts on bulk ZnO is dependent on the
oxygen-to-argon gas ratio used during the sputtering of the metal contacts.
Based on the work, increased field effect characteristics and higher barrier
heights were achieved for oxidized metals (Ag, Ru, Pt, Ir, Pd) with higher
oxygen-to-argon ratio used during the sputtering process (maximum Schot-
tky rectification found for O2 : Ar = 7:10 sccm). Despite using a O2 : Ar ratio
similar to the one used to gain maximum current rectification with least leak-
age current, IrOx and PdOx Schottky gates were still leaky.
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Output plots with PdOx Schottky gate
Output plots with AgOx Schottky gate
FIGURE 7.17: Output plots for selected MESFETs with AgOx
and PdOx Schottky gates on a 65 nm thick ZnO channel layer.
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Some of the probable reasons include the relatively higher number of film
defects compared to bulk material or IrOx and PtOx forming metal contacts
instead of oxidized metals during sputtering. Other reasons may be due to
relatively higher thickness and increased charge carrier concentration of the
65 nm thick ZnO film used for the comparison. Further investigations to
determine possible deposition conditions that could improve Schottky bar-
rier properties for IrOx and PtOx were not carried out as part of my thesis.
Focus was on AgOx which based on the experiment showed higher barrier
height and current rectification. To date, AgOx has been known to produce
the highest barrier height in ZnO [87].
7.6 Device stability under bias stress
Stress measurement is important to determine the mechanisms that cause in-
stability in device performance and to find out if the technology can be incor-
porated in integrated circuits. The stress test enables the operational stability
of a device to be determined under prolonged electrical bias stress. The effect
of a bias stress is attributed to the trapping of charge carriers into localized
less mobile electronic states due to the gate bias voltage. These trap states
may be localized within the semiconductor or at the semiconductor-metal
interface. The longer the duration of the gate stress, the higher the num-
ber of trapped charge carriers. The trapped charge carriers can contribute
to the charge balance in the transistor but not the drain current and mani-
fests as shift in the threshold/turn-on voltage. Depending on the nature of
the trapped states, trapped carriers can return to mobile states when the gate
bias is removed or may require a physical elimination method such as ther-
mal annealing.
A MESFET device structure with W/L = 100/10 µm was first subjected
to a positive constant voltage stress (CVS) of 1.5 V at the gate while the
source/drain terminal is grounded. Before the stress test, a no-stress con-
dition was established by measuring the ISD vs VG transfer curve in the dark
(VSD = 3 V). Each step of the CVS experiment consists of increasing stress
duration lasting from 1 seconds and then 10 seconds, 100 seconds and 1000
seconds. For each duration, a transfer characteristics curve is measured and
a new stress duration is performed.
As illustrated in Fig. 7.18(a), a positive CVS introduced continuous neg-
ative shifts in the threshold/turn-on voltages for each increasing stress du-
ration. There is also a degradation of performance resulting in an increase
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FIGURE 7.18: (a)Transfer characteristics plot for AgOx MESFET
with W/L = 100/10 µm under (a) gate CVS of 1.5 V for different
durations in seconds (b) CVS of -1.5 V for different durations.
in the off-state current due to higher leakage current following the positive
CVS. A positive voltage stress lasting for 1 second caused a shift ∆VON of 58
mV in VON which increased to 90 mV at 1000 seconds duration, as illustrated
in the inset plot of Fig. 7.18(a). The shift in threshold voltage is attributed
to the role of oxygen vacancies and holes. The degradation and recovery of
device performance can be qualitatively explained based on charging and
discharging of trap states at the gate/channel interface and within the chan-
nel region.
A positive voltage stress leads to attraction of electrons towards the in-
terface trap states. As the stress duration increases, more of the trap states
are filled. This leads to changes in the band bending and charge distribution
arising from temporary electrons in the channel regions [36]. The increased
number of electrons due to the positive CVS leads to reduction in the built-in
potential, higher channel conductivity and thereby causing a negative shift
in threshold voltage [23, 62]. Similarly, the higher off-state current is also ex-
plained by these changes where more induced oxygen vacancies accumulate
in the interface leading to low channel resistivity.
Following the positive CVS and a wait period of 2 hours, the transfer
characteristic was remeasured with no applied gate stress. The wait period
with no stress allowed for changes induced due to the positive CVS on the
gate to be reversed. Subsequently, the stability of device was assessed with
a negative gate bias stress of V = -1.5 V under varying stress duration as
shown in Fig. 7.18(b). The fact that the transfer characteristics recovered
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to a near-original state after a period of relaxation, without any bias or ther-
mal annealing suggests that instability in the device originates from interface
states with short relaxation time even at room temperature [36]. The appli-
cation of negative CVS on the gate after the relaxation period did not lead
to any significant shift in the threshold/turn-on voltage. However, a slight
decrease in the off-state current is observed with increased duration in the
negative stress. The negative CVS reduces the number of trapped electrons
on the interface with a resultant slight decrease in the on-current. Further
application of negative stress on the gate tends to return the transistor to al-
most its original state. This varying characteristic behaviour under bipolar
CVS on the gate is similar to other findings reported for ZnO based thin film
transistors subjected to stress.
7.7 Elevated Temperature Measurement
Measurement of transistor characteristics was done at elevated temperature
between 298 K - 403 K (25◦C - 130◦C). The experimental setup for elevated
temperature measurement consisted of a parameter analyser (HP 4155A) and
a probe station equipped with a Temptronic TP03000 temperature controller
which allows for controlled heating of the sample stage of the prober. The I-V
characteristic plots of the source-gate Schottky diode on a MESFET on a 43
nm thick ZnO film with W/L = 10/100 µm is shown in Fig. 7.19(a). The plot
illustrates an increase in the forward bias gate current as the temperature is
raised. Similarly, the reverse current increases as the temperature rises. This
trend indicates the dominance of thermionic emission as the mechanism of
current transport where the number of electrons with sufficient energy to
cross the barrier increases with temperature.
The inset graph in Fig. 7.19(a) shows that the relationship between tem-
perature change and the ideality factor is not uniform. It shows that an in-
crease in temperature from 25◦C to 65◦C led to reduction in ideality factor
with subsequent increase after 65◦C. Similarly, the SBH moderately increased
from 1.12 eV at room temperature up to 1.19 eV at 65◦C. Further increase in
temperature reduced the SBH to 0.9 eV at 130◦C. The reduction of ideality
factor (closer to unity) and an increase in SBH within the temperature range
of 25◦C - 65◦C suggests that improvement in diode characteristics with tem-
perature occurred within this temperature range. Due to increase in tem-
perature of the electronic device, thermal energy improves electron injection
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FIGURE 7.19: (a) I-V plots of the AgOx Schottky gate diode of
the a transistor device measured at elevated temperatures. In-
set - Variation of barrier height and ideality factor with temper-
ature (b) Temperature dependent transfer plots for a MESFET
structure. Inset - Variation of off-current and Ion/Ioff ratio with
temperature.
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efficiency through the Schottky barrier reducing the contact resistance. Ad-
ditionally, the higher forward bias current results in a dramatic increase in
the diode leakage current, approximately two orders of magnitude increase
between temperature of 25◦C - 130◦C.
Temperature dependent transfer characteristics of the MESFET structure
are shown in Fig. 7.19(b). The plot shows that the on-state drain current at
VG = 2V did not show equivalent change similar to the dramatic increase
in the off-current when the sample temperature increases. The off-state cur-
rent increased from about 1 pA to 35 pA for a temperature change of 25 -
130◦C whereas a small increase in the on-current was measured between the
temperatures of 25◦C - 65◦C, and reduced with further temperature increase.
Consistent with n-channel FETs, it is observed from the plot that a slight neg-
ative shift in the threshold voltage/turn-on voltage as temperature increases
[134]. One of the popular explanations for this shift is associated with charge
trapping mechanism which transfers mobile charges to immobile trap states
at the gate interface [38, 116]. The higher the temperature, the higher the
thermal energy required to activate charge carriers from trap states. Hence
more absolute gate voltage is required to turn on or turn off the transistor at
higher temperature [133].
The behaviour of the on-state drain current in the saturation region is
explained by the relation: ISD ∝ µ(T)(VG − VTH(T))2 [134]. For moderate
increase in sample temperature, an increase in |VG − VTH| surpasses the ef-
fects of reduced charge carrier mobility leading to gradual increase in the
drain current. However, with further temperature increase, mobility degra-
dation results in the reduction of the drain current as shown on the inset plot
of Fig. 7.19(b) where the on-state current in the saturation region is plotted
against temperature. The on-state current increased up to a temperature of
65◦C before it starts decreasing due to mobility degradation at higher tem-
perature. A similar trend on ZnO Schottky characteristics with Ag as the gate
was observed where the barrier height increased with a moderate increase in
sample temperature [60]. The report shows a monotonic increase in barrier
height was measured from 25 - 75◦C, which further decreased beyond 75 ◦C.
In addition, Klupfel et al. [116] reported a nearly constant transistor channel
mobility up to 90◦C which then dropped off beyond this temperature. The
work of Ref. [51] also supports improvements in some ZnO MESFET per-
formance metrics at moderately elevated temperature with channel mobility
increase from room temperature to about 85◦C, which then reduces with fur-
ther increase in sample temperature.
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It can be observed that the behaviour of the temperature dependent I-V
measurement for the source-gate Schottky diode shows accompanying in-
crease in both the forward bias and and reverse bias current with increase
in temperature in contrast to the transfer characteristics plot. The reason for
increased forward bias current for the diode measurement is that for diodes,
electron injection efficiency arising from thermal effects contributes to the
measured gate current while for the transfer properties of the transistor, cur-
rent measured at the drain should ideally be dependent on the Schottky bar-
rier properties of the gate electrode and not affected by the gate bias leakage
current.
Another interesting observation from the plots shows that the perfor-
mance characteristic of transistors fabricated on mist-CVD ZnO as channel
layer is maintained at elevated temperature up to 130◦C. This attribute sup-
ports the promising characteristics of ZnO for high temperature and high
power electronic devices. Within the temperature range of 25 - 130◦C, cur-
rent leakage when the gate is under reverse bias increased by about 1.5 orders
of magnitude whilst the gate retained its rectifying characteristics.
7.8 Sensitivity to UV light
The preceding discussions have presented performance characteristics for
ZnO based MESFETs. However, instability in the performance of the devices
is still an obstacle that needs attention. The effects of gate bias stress have
already been explained in section 7.6. Apart from the stability of devices un-
der bias stress, sensitivity to light is also of critical importance since many of
the devices made from ZnO for use in digital display technologies will most
likely get exposed to backlight or ambient light while in operation.
In the course of several I-V measurement done on our fabricated MESFET
devices, no sensitivity in device performance was observed with exposure to
visible light. A red LED light was used at the illumination source for the
microscope for electrical characterization in the probe station. No detectable
difference is observed for transistor performance characteristics measured
whether the illumination red light is on or off during measurement. How-
ever, exposure of of MESFET structures to UV light during measurement in-
duces a much more severe degradation in the device performance.
To test for UV response, an OmniCure R© UV/visible mercury vapour lamp
source with emission wavelength ranging from 320 - 500 nm was used to illu-
minate the transistor device while taking I-V characteristics measurements.
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FIGURE 7.20: Transfer characteristic plots showing effects of
UV illumination on on the performance of ZnO based MESFET
device with gate W/L = 100/10 µm.
The intense UV illumination source (up to 30 W/cm2) was kept on during
an initial measurement. Immediately after the measurement, the UV light
source was turned off and additional measurements were done. The photo-
response to UV light illumination quantified through transfer characteristic
plots of a MESFET device defined by gate W/L = 100/10 µm is shown in Fig.
7.20.
It can be seen that under UV illumination, a total breakdown of the Schot-
tky barrier occurs with a giant increase in the off-state current by several
orders of magnitude. This is associated with the effect of UV light on oxy-
gen vacancies VO, known to be the most abundant point defect in undoped
ZnO. The report of Ping et al. [241] employed 8 µW/cm2 monochromatic UV
sources with wavelengths of 365 nm and 254 nm to illuminate ZnO thin film
transistors for a duration of 2 minutes. Electrical measurements were carried
out after the duration of UV exposure. In the report, an obvious degradation
of transistor characteristics caused by photo-induced current in the off-state
was observed (∼ 10 - 102 increase of the dark current). Further, the exposure
with a UV source of higher photon energy (254 nm wavelength; 4.88 eV) was
observed to cause more severe transistor degradation compared with a 365
nm (3.40 eV) source. Similarly to the slight increase in the on-state current as
shown in Fig. 7.20, UV illumination resulted in minimal effect on the on-state
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current. The giant increase in the off-state current found in this work com-
pared to the literature report may be associated with the marked difference
in the power densities of the UV sources used for the experiments.
Based on theoretical studies, a high number of neutral oxygen vacancies
V0O can form as deep level states close to the top of the valence band (VB)
maximum for ZnO [127]. Under illumination from UV light with photon en-
ergy greater than the bandgap energy, electron excitation from the valence
band (VB) to the conduction band (CB) occurs in the ZnO channel. Addi-
tionally, the neutral oxygen vacancies V0O are photo-excited, also donating
electrons to the CB [127]. As a result, the off-current increases by several or-
der of magnitude due to the UV light illumination. In contrast, the on-current
increases by a small amount mainly because the on-current is dominated by
the gate bias-induced charge carriers during UV irradiation of the transistor
device [241].
As observed in the changes that occur after illumination, there is a state of
residual conductivity. The off-current did not revert to its original dark cur-
rent state even after the UV light source was removed for several days. This
persistent conductivity effect may be attributed to the formation of ionized
oxygen vacancies V2+O in the ZnO channel after UV illumination. During il-
lumination, ground state oxygen vacancies V0O are photo-excited to ionized
oxygen vacancies V2+O with energy state below the CB minimum [127, 241].
Additionally, after the UV light is turned off, V0O can also form the ionized
V2+O by capturing the photo-excited holes in the valence band, also reduc-
ing direct recombinations. Further, after two holes are captured, the oxygen
vacancies VO undergo lattice distortion making the hole deeply trapped in
the V2+O centres. For the V
2+
O to return to ground state V
0
O, an energy barrier
has to be overcome by thermal activation [127, 241, 232]. This energy barrier
slows down the recombination of electrons in the CB and holes trapped in
the V2+O . It can be seen that the recovery of the dark off-state current is rather
slow lasting several days post UV illumination.
7.9 Comparision with other reports
Many reports available on the literature on ZnO based transistor are mostly
MISFETs, with only a few reports on MESFETs using ZnO film layer. The
most likely reason is the difficulty in fabricating Schottky gate of high quality
critical to successful operation of MESFET transistor devices. Table 7.4 lists
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TABLE 7.4: Comparison of MESFET performance parameters
















ZnO 30 mist-CVD ... ... AgOx 1.16 1.0 8×106 85 †
ZnO 43 mist CVD 3×1017 8.0 AgOx 1.13 4.3 1.7×107 118 †
ZnO 65 mist CVD 7.6×1017 9.1 AgOx 1.18 5.7 2.0×107 125 †
ZnO 20 PLD 5.5×1017 9.3 AgOx 1.0 11.3 2×108 ... [58]
ZTO 19 Sputtering 6.5×1017 3.0 PtOx ... 0.9 1.8×106 124 [224]
ZTO 22 mist-CVD ... 15.8 AgOx 0.84 12 8×106 180 [40]
ZnO 20 PLD 4×1018 20 PtOx ... 9.5 1×105 130 [116]
GIZO 160 Sputtering 4.5×1016 20.8 AgOx 0.95 14.7 2.5×107 112 [141]
GIZO 145 mist-CVD ... ... AgOx 1.0 3.2 3.8×107 356 [39]
ZnO 55 FCVA 8×1017 18 AgOx 0.82 15 106 ... [52]
† Results obtained from the work of this thesis.
some reports available on ZnO related MESFETs and compares performance
characteristics with results obtained in this thesis.
As can be seen on the table, performance characteristics found for MES-
FET devices fabricated on different thickness show comparable results with
oxide films deposited by PLD and Sputtering technique. It can be seen from
the comparison that the lowest value of sub-threshold slope was obtained
for a MESFET device fabricated on a 30 nm thick film reported in this thesis.
From review in the table, there is consistency in the choice of oxidized silver
as the preferred gate material which has shown superior rectification charac-
teristics among the noble metals. The SBH that is higher than 1 eV obtained
for the fabricated devices reported in this work indicates that a good quality
Schottky barrier can be achieved with mist-CVD deposited ZnO film.
As a concluding remark, it is of note that achieving a given transistor per-
formance characteristics requires consideration of factors as well as trade-offs
between the desired performance metric and its resultant demerits. For in-
stance, a thicker semiconducting film as a channel potentially offers higher
channel mobility, increased transconductance in addition to increased on-
state current. However, the increased channel thickness is associated with
higher absolute gate voltage needed to turn off current conduction leading
to higher power requirement for device operation. A thick channel may also
be more susceptible to increased leakage current. Most of the examples pro-
vided in this thesis to assess a given performance metric used the MESFET
structure with the smallest gate length on the fabricated chip (i.e. 5µm). This
is because the smallest gate length structure generally shows superior perfor-
mance characteristics compared with longer gates. Shorter channels lead to
larger carrier mobility across the transistor and faster switching of the tran-
sistor, desirable properties for high-frequency applications. Thus, transistor
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miniaturization offered by smaller channels can lead to the increased pack-
ing density of transistors when used in an integrated circuit. Amidst the
several advantages offered by continued miniaturization of transistors, there
is still a limit to how small they are before performance is degraded by the
so-called small channel effects. As of today, in what is generally referred to
as technology nodes, transistors with gate lengths that are less than 10 nm
are applicable in devices.
7.10 Summary
The Schottky barrier with high rectification ratio is formed on mist-
CVD deposited ZnO films when contacted with oxidized silver (AgOx)
and oxidized palladium (PdOx). The Schottky barrier height does not
show any strong dependence on film thickness.
C-V analysis performed on a Schottky diode showed an expected de-
crease in capacitance as reverse bias voltage increasingly becomes neg-
ative. However, the accuracy of results obtained from Mott-Schottky
analyses cannot be relied on since the semiconducting film has a rela-
tively low intrinsic donor concentration and small thickness.
Transistor devices fabricated on mist-CVD grown ZnO films with AgOx
and PdOx Schottky gates exhibit excellent transistor characteristics with
output drain current modulated by the gate voltage.
The thickness of the ZnO channel affects almost all transistor perfor-
mance metrics. Increased channel thickness is associated with higher
transistor current output, increased transconductance and increased ab-
solute gate voltage needed to turn on/turn off the device.
The turn-on voltages indicate that MESFET devices are depletion mode
devices (i.e. normally on devices at a gate voltage of 0 V). The turn-on
voltage also varies with the length and width of the gate.
Comparisons in the performance of transistors fabricated with different
Schottky gate materials show that oxidized silver possesses superior
gate characteristics based on rectification ratio and barrier height. PdOx
required lower turn-on voltage while IrOx and PtOx showed inferior
diode characteristics with rectification below 2 orders of magnitude.
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A positive constant voltage stress on the gate of AgOx causes insta-
bility in the performance characteristics with an increase in the of-state
current. Negative voltage stress has minimal effect on the transfer char-
acteristics of the device.
Transistor characterization performed at elevated temperature indicate
that transistor characteristics are maintained at 130◦C, though with an
increase in the off-state current.
Illumination of fabricated MESFET with a UV light source causes a
breakdown of the Schottky barrier and leads to a giant increase in the
off-state current. The original state of the transistor was not recovered




Conclusions and Future Outlook
One of the key goals achieved in this research project was finding a novel
method for the deposition of ZnO thin films on substrates employing non-
volatile aqueous ammonia as a precursor solvent. This presents an inter-
esting success for the mist-CVD growth of ZnO films where many of the
reports in the literature have relied on volatile organic solvents such as ace-
tone, methanol, and IPA either as a whole or mixed with deionized water.
Volatile solvents present a significant safety risk and can constrain the up-
scaling of the mist-CVD growth technique as an industrial process. Addi-
tionally, utilizing mist-CVD deposited ZnO films as active channels in MES-
FETs presents another interesting aspect of the research in terms of the ap-
plicability of cheaply deposited films. Further, the project supports the very
desirable merits of the mist-CVD growth technique as a cost-effective and
safe method of depositing thin films of materials at atmospheric pressure,
thus, avoiding some of the very expensive equipment used in PLD, MBE,
and Sputtering techniques. A summary of the key findings of the research
including some study limitations is discussed.
8.1 Film Deposition and Properties
8.1.1 Surface Morphology
Despite serving as a low-cost deposition method, ZnO films grown using the
mist-CVD showed uniform film deposition across various substrates. The
surface morphology of films is influenced by factors such as substrate, de-
position temperature, film thickness, and precursor concentration. In gen-
eral, analyses of AFM micrographs of ZnO film surfaces showed that film
growths on the r-plane sapphire substrates have smoother surface topogra-
phy compared with films on a c-plane sapphire substrate. Typical thickness
dependent root-mean-square roughness ranges between Rrms = 2.2 nm - Rrms
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= 4.3 nm for films deposited on r-plane sapphire substrates with thickness
up to 260 nm. As film thickness increases, elongation of grains oriented in
a given direction leading to surface anisotropy is noticed in films deposited
on r-plane sapphire. Higher surface roughness parameters were obtained for
growths on c-plane sapphire substrate with up to Rrms = 44 nm obtained on
a 260 nm film sample.
8.1.2 Electrical properties
Most of the as-grown ZnO films deposited on r-plane sapphire with a sub-
stantial thickness (30 nm and above) were electrically conductive with a con-
ducting path detectable with a resistance meter. Electrical characterization
performed through Hall measurement showed that films are of n-type con-
ductivity with charge carrier concentration, resistivity, and charge carrier
mobility affected by factors such as film thickness, growth temperature, and
annealing. Charge carrier concentration in the orders of 1019 cm−3 and mo-
bility as high as 32 cm2/V.s were found for as-grown ZnO film sample with
thickness of about 380 nm. Likewise, resistivity as low as 10−2 Ω-cm was
achieved for the samples.
8.1.3 Crystalline properties
In terms of crystalline properties, XRD analyses showed that films exhib-
ited the hexagonal wurtzite structure of ZnO with preferred growth orienta-
tion dependent on the substrate used for deposition. For growths on an r-
plane sapphire substrate, the dominant diffraction peaks from ZnO indicate
growth in nonpolar a-plane (112̄0) crystallographic orientation. The domi-
nant diffraction peak for films grown on c-plane sapphire is that of the (0002)
crystal plane while for growth on an a-plane sapphire substrate, peaks from
(0002) and (101̄0) dominate the XRD pattern. Deposited ZnO films follow
growth orientation that is consistent with the epitaxial relationship reported
for ZnO films grown on different planes of the sapphire substrate. The XRD
pattern for ZnO film grown on amorphous quartz substrate shows as a com-
bination of polycrystalline phases with amorphous impurity in its texture.
Growth temperature tends to affect crystallinity with the least broadening in
the rocking curve scan obtained for film sample deposited at 550◦C.
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8.1.4 Optical properties
Deposited ZnO films were optically transparent in the visible region with a
strong absorption edge corresponding to the bandgap of ZnO. Transparency
in the visible region is more than 80% for all film samples irrespective of
the film thickness. Using the Tauc method for bandgap extraction deposited
films gave room temperature bandgap energy of between 3.27 - 3.32 eV that
is dependent on the thickness of films. Temperature-dependent transmission
studies on a ZnO film sample shows a temperature-dependent bandgap en-
ergy shifts that is blue-shifted as the temperature decreases, and fits well to
theoretical models that describe shifts in bandgap energy with temperature.
Fitting these models to our experimental data yielded fit results that are com-
parable to other reports in the literature.
Luminescence characteristics studied through PL spectroscopy show a
strong UV emission peak in addition to a weak, broad emission peak in the
visible region. Analyses of low-temperature PL spectra acquired at 4K show
excitonic emission peaks associated with defects acting as donor and accep-
tor impurities. By comparing the energy positions of these peaks with avail-
able reports in the academic literature, it was concluded that donor bound
excitonic peak centered at 3.362 eV originates from Al impurities. Also, the
peak at 3.321 eV is attributed to substitutional nitrogen acting as an accep-
tor in the lattice. The most probable source of donor impurities is from the
aluminum-made fine-channel reactor where Al can migrate to the ZnO film
at the typical growth temperature. The origin of acceptor impurities is from
aqueous ammonia which gives a nitrogen-rich environment during growth.
8.2 MESFET performance characteristics
ZnO films grown with the mist-CVD technique exhibited typical transistor
characteristics when utilized as active conducting channels in MESFET de-
vices. The performance metrics of devices are strongly influenced by the
thickness of the channel layer. Higher channel mobility estimated to be 5.7
cm2/V.s was achieved for a transistor fabricated on a 65 nm film, with val-
ues of 4.3 cm2/V.s and 1.0 cm2/V.s found for a transistor on 43 and 30 nm
thick channels respectively. The turn-on voltages for the transistor devices
VON shows that fabricated devices were mainly depletion-mode MESFETs
which are normally in on-state at zero gate bias voltage. Subthreshold swing
as low as 85 mV/decade was obtained for a MESFET device fabricated on
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a channel of 30 nm thickness. Another factor that affects transistor perfor-
mance is the gate dimensions. In line with the theory of field-effect transis-
tors, the current output on fabricated transistor devices is dependent on the
width-to-length ratio (W/L) of the gate. The size and the geometry of the gate
influence several metrics including transconductance, channel mobility, and
threshold/turn-on voltage.
Comparison on MESFET performance for devices fabricated using AgOx,
PdOx, IrOx and PtOx showed that transistor properties are dependent on the
Schottky gate material. In terms of transistor Ion/Ioff current ratio, AgOx re-
turned the maximum value. Despite the higher Ion/Ioff ratio for obtained for
the AgOx based transistor, PdOx gate contact however, resulted in reduced
threshold voltage/turn-on voltage. MESFETs fabricated using IrOx and PtOx
gate materials generally showed inferior performance both in terms of diode
and transistor characteristics. The source-gate diode rectification ratio ob-
tained for IrOx and PtOx is about 102.
Under elevated temperature, ZnO-based MESFET maintains expected field-
effect transistor characteristics, though with an increase in leakage current
and reduction in Ion/Ioff ratio by about two orders of magnitude for a tem-
perature increase of 25◦C - 130◦C. By subjecting the gate electrode of a MES-
FET device to positive constant voltage stress (CVS), an increase in off-state
current was observed while a CVS of negative polarity has minimal effect on
device functioning. Conversely, under illumination with intense UV light,
transistor behavior and performance characteristics deteriorate with a break-
down of the Schottky barrier, lasting several days before full recovery to the
original state.
8.3 Limitations of Research
There are some study limitations present during the research. Some of these
limitations are discussed in addition to some possible ways of solving some
issues encountered. For the growth of ZnO films using the mist-CVD tech-
nique, deposition temperature can be increased up to 500◦C, with a notice-
able deterioration in the aluminum-based reactor when growth temperature
is increased further. Utilizing high melting point materials such as stain-
less steel and glass in the design of the reactor will eliminate this constraint
and allow film growths at a higher temperature of 700◦C and above. Fur-
ther, photoluminescence spectroscopy indicated the presence of aluminum
in deposited films. Aluminum is well reported to act as donor impurities
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in ZnO. A non-aluminum based reactor system (e.g. stainless steel or glass)
may eliminate this unintentional aluminum incorporation in deposited films
and allow for the control of film electrical characteristics if needed.
The mist-CVD system potentially offers a wider scope in terms of applica-
bility for doping, growth of multi-layer structures and complex oxide materi-
als of various elemental compositions. However, our attempt to incorporate
magnesium in ZnO thin films did not yield satisfactory results, most prob-
ably as a result of using a single ultrasonic atomizing unit. Improvement
in doping and the ability to grow multi-layer structures can potentially be
achieved by using multiple atomizing units that feed into a single deposition
reactor. By using multiple atomizing units, the constituent solution of de-
sired materials can be individually optimized with more understanding and
predictability of chemical reactions that occur in each solution. For example,
improved incorporation of magnesium in doped ZnO film will more likely
occur when solutions of zinc acetate and magnesium acetate are individually
mixed and atomized separately.
There are still some issues with reproducibility and consistency in the
thickness of deposited films using the mist-CVD system. For instance, growth
rate and film thickness are affected by several factors including precursor pH,
temperature, concentration, as well as less prominent factors such as the po-
sition of the substrate in the reactor, direction of the mist flow, etc. Since any
of these factors can affect the properties of films grown, standardized and re-
producible means of experimental setup and measurement procedure needs
to be maintained. This may be achieved by accurate and automated systems
in the film deposition process.
Despite the excellent performance for MESFETs obtained on ZnO film as
an active conducting channel while utilizing oxidized silver as the gate elec-
trode, similar performance metrics were not obtained with other oxidized
metals as Schottky gates investigated in this project. Further work involv-
ing other oxidized metal contacts for MESFETs fabricated on mist-CVD ZnO
film may need to be undertaken. Additionally, while the MESFETs devices
showed performance stability under illumination with red visible light, ex-
posing the devices to UV light caused a significant deterioration in the perfor-
mance with leakage current increasing by several orders of magnitude. The
effect of UV light on device performance and the resulting persistent photo-
conductivity presents a significant potential limitation to utilizing ZnO based
transistors for optoelectronic application since even an inadvertent exposure
to UV light can cause performance instability in devices.
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There are possible ways of solving the UV photosensitivity issues associ-
ated with fabricated MESFETs. One of the common methods is to use insu-
lating passivation layers of materials such as silicon dioxide (SiO2), hafnium
oxide (HfO2) or silicon nitride (Si3N4). The passivation layer therefore ideally
protects the active semiconducting channel from factors in the surrounding
environment that can cause device instability.
It will be an interesting future work for a more detailed investigation
on UV photo-response and its associated persistent photo conductivity on
mist-CVD deposited ZnO films. A recent thesis work from our research
group investigated this effect on MBE grown ZnO film sample and found
strong persistent photocurrent associated with UV illumination on a 170 nm
thick sample [89]. Preliminary investigation conducted on our mist-CVD de-
posited ZnO films (without contacts) by passing current and measuring volt-
age through samples are not presented in this thesis. However, initial results
show that a film sample with thickness of about 500 nm did not show any
persistent photoconductivity effect when irradiated with UV lamp source. In
contrast, ZnO film with thickness less than 100 nm had a dramatic increase
in UV induced current due to illumination. Such a finding presents an in-
teresting aspect which seems to suggest that UV photo-response is a surface
sensitive effect and gets diminished as the thickness of film increases.
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